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- For Airdish -

The reasonable man adapts himself to the world; the unreasonable one persists in
trying to adapt the world to himself. Therefore all progress depends on the
unreasonable man.
-- George Bernard Shaw

First you take a drink, then the drink takes a drink, then the drink takes you.
-- F. Scott Fitzgerald

No citizen has a right to be an amateur in the matter of physical training...what a
disgrace it is for a man to grow old without ever seeing the beauty and strength of
which his body is capable.
-- Socrates
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ABSTRACT
PATTERNING OF ALLOY PRECIPITATION THROUGH EXTERNAL PRESSURE
Jack A. Franklin
Jennifer Lukes

Due to the nature of their microstructure, alloyed components have the benefit of
meeting specific design goals across a wide range of electrical, thermal, and mechanical
properties. In general by selecting the correct alloy system and applying a proper heat
treatment it is possible to create a metallic sample whose properties achieve a unique set
of design requirements. This dissertation presents an innovative processing technique
intended to control both the location of formation and the growth rates of precipitates
within metallic alloys in order to create multiple patterned areas of unique
microstructure within a single sample. Specific experimental results for the Al-Cu alloy
system will be shown. The control over precipitation is achieved by altering the
conventional heat treatment process with an external surface load applied to selected
locations during the quench and anneal. It is shown that the applied pressures affect
both the rate and directionality of the atomic diffusion in regions close to the loaded
surfaces. The control over growth rates is achieved by altering the enthalpic energy
required for successful diffusion between lattice sites. Changes in the local chemical
free energy required to direct the diffusion of atoms are established by introducing a
non-uniform elastic strain energy field within the samples created by the patterned
surface pressures. Either diffusion rates or atomic mobility can be selected as the
dominating control process by varying the quench rate; with slower quenches having
v

greater control over the mobility of the alloying elements. Results have shown control
of Al2Cu precipitation over 100 microns on mechanically polished surfaces. Further
experimental considerations presented will address consistency across sample
ensembles. This includes repeatable pressure loading conditions and the chemical
interaction between any furnace environments and both the alloy sample and metallic
pressure loading devices.
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Chapter One – Introduction
Due to the nature of their microstructure, alloyed components have the benefit of
meeting multiple design goals across a wide range of physical properties including
electrical and thermal conductivity, surface corrosion and friction wear rates, and
mechanical properties such as yield strength, ductility, or surface hardness [53]. The
addition of alloying elements is chosen to offset any undesirable weakness in the bulk
matrix material. An example of this is the increased corrosion resistance of copper when
it is alloyed with nickel due to changes in the protective oxide film that forms on the
corroding surface [8]. Nickel and copper are completely soluble in each other and as
such the heat treatments required to form practical microstructures are not as complex
as those for alloys that form secondary phases. Often the alloy as a whole can lower its
internal energy if the elements form a stable second phase and precipitate out of the
bulk solution. This is the case for lightweight aluminum alloys that are strengthened by
a series of copper-rich particles [7]. The distribution of the precipitates increases the
hardness of the bulk aluminum by impeding the movement of dislocations [50]. In
general by selecting the correct alloy system and applying a proper heat treatment it is
possible to create a metallic sample whose properties achieve a unique set of design
requirements.
To create a sample with the required material properties the metallurgist must control
the microstructure of the alloy. Changes in microstructure are most readily achieved by
controlling the precipitate composition and density within the bulk material. The most
common method of precipitate control within metal alloys involves a homogeneous
solution heat treatment followed by a rapid quench. This creates a uniform composition
1

for subsequent low temperature heat treatments designed to form any precipitated
particles [5,77]. A consequence of this processing route is that current large scale
fabrication methods produce homogenous components. While these metals meet their
specific goals (i.e. low weight and high tensile strength or high fracture toughness and
low corrosion rates) they, by design, can only meet one set of criteria across the whole
component.
As the engineering requirements of metals become more complex there is an ever
increasing need for multi-functional solutions. Load bearing structures designed to
dampen acoustic frequencies [28] and lightweight components whose surfaces are
modified to generate aerodynamic lift [13] are two examples where metallic alloys can
be used to address specific multi-functional demands. Historically, processes like
cladding and coating of homogenous components with a second alloy have been used to
add additional desirable properties (or offset undesirable properties) to the original
component. Figure 1.1 presents a typical binary microstructure occurring near a cladded
interface.

Figure 1.1: A cladded interface. Micrographs from [84] showing the corrosion resistant 1200 Al alloy top
sheet coating the high strength 2124 Al alloy bottom sheet. This component cannot be formed during a
single heat treatment process; it requires additional processing steps, materials, and equipment.

2

To design these multi-functional solutions the metallurgist must combine control of the
microstructure formation and evolution with control of the layout of the final
component itself [10]. This implies the need for additional materials, equipment, and
costly labor and processing steps. It would therefore be advantageous to fabricate a
single component whose microstructure varied sharply within its boundaries and
allowed it to meet multiple design conditions [19].
A non-uniform stress field created via the application of directed surface pressure will
be presented as a novel means to control the precipitate formation and growth at
patterned locations within an Al-Cu alloy. In presenting the innovative processing
technique, this thesis will cover both theoretical and experimental aspects. Chapter Two
provides a short review on the Al-Cu alloy system and the Al2Cu theta precipitate
before providing a detailed review of current alternative forms of processing alloys to
control the final microstructure. Chapter Three will present the theoretical aspects of
using surface pressures to control the diffusion of alloys, including how this control can
be coupled with specific heat treatments to maximize the results. The experimental
apparatus used to implement the theory is discussed in Chapter Four. Chapter Five will
present actual results from different loading conditions and heat treatments. The
experimental considerations and a discussion over specific limitations and issues with
the process are covered in chapter six. Finally, chapter seven of this thesis will review
the stress directed assisted diffusion technique as a whole before presenting a few
recommendations for improvement.

3

Chapter Two – Background
2.1 A Review of the Al-Cu Alloy
The experiments presented within this thesis were performed on an Al-Cu alloy, so a
short review of the system is warranted. The aluminum-rich end of the phase diagram is
eutectic Al-Al2Cu with additional metastable phases present. The eutectic temperature
of the stable theta phase is 548 °C and it is in equilibrium with saturated aluminum up
to roughly 5.7 wt% Cu. The accepted solubility lines for each phase are presented in
Figure 2.1.1.

Figure 2.1.1: The Al-Cu phase diagram showing the metastable phases, from [47]

Upon cooling from the single bulk phase, a series of particles precipitates from the
matrix. This occurs due to the size difference between Al and Cu as the precipitated
particles minimize their interfacial energy costs as well as the strain energy needed to
deform the bulk matrix. The accepted growth series for the precipitates is: sheets of
pure Cu coherently dispersed within the Al matrix, known as GP zones or θ’’ → semicoherent plate like Al2Cu (θ’) → non-coherent plate like Al2Cu (θ). The structure of
4

these particles is shown in Figure 2.1.2. The precipitated particles prefer to grow along
(100) planes. This is due to the cheaper interfacial energy costs needed to match the
lattice parameters of Al and Cu along those directions.

Figure 2.1.2: Structure and morphology of θ’’, θ’, and θ in Al-Cu (○Al, ●Cu), from [68]

Typically copper is added to aluminum to increase the strength and hardness of the final
component. The misfit strain introduced into the system by the coherency of the smaller
precipitated particles interacts with the stress fields surrounding a dislocation to impede
its movement through the lattice. To maximize this precipitation hardening, the Al-Cu
system is usually annealed to form a finely dispersed field of the smaller θ’’ and θ’
particles. The most common annealing practice is to homogenize the sample through a
high temperature solution heat treatment, quench the sample to a temperature within the
5

two phase region of the diagram to create an excess of vacancies, and then controllably
elevate the temperature until the required precipitates are formed. Vast work
investigating both the microstructures’ control over material properties and how the
standard thermo-mechanical heat treatment can be altered in order to generate specific
microstructures for the Al-Cu system have been studied. The reader is directed towards
Hatch [3] and Mondolfo [53] for critical reviews on the subject.
2.1.1 Properties of Theta
Because of the incoherent interface between the stable θ precipitates and the bulk Al
matrix, samples with large θ particles are considered over-aged and will have lower
values of strength and hardness compared to samples with θ’’ and θ’ precipitates. As
such there has been less research into the properties of pure θ.
The crystal structure has been established using both powder [11,25,31,51] and single
crystal [30] x-ray diffraction techniques. Theta has a tetragonal crystal shape and
belongs to the I4/mcm space group with lattice parameters a=6.06337Å and c=4.8736Å.
Dey and Tyson [14] performed compression and tensile tests on samples created by
induction melting. They found that theta failed by brittle fracture at room temperature
and that appreciable ductility was not observed until temperatures hotter than 80% of
the melting temperature. Fribourg-Blanc et al. [25] were one of the few groups to
investigate and report a quantitative value for the mechanical properties of theta. Using
both static strain-gauge extensometry and ultrasonic velocity measurements, they
determined values for the six elastic constants of single crystal samples. These values
were used to calculate a Poisson ratio of 0.31 and a Young’s Modulus of 106 GPa. The
6

other studies to report numerical values for a mechanical property of theta involve
surface hardness tests. Lips and Sack [45] report a single Vickers hardness value of 395
taken at room temperature. Petty [65] performed a series of Vickers tests on theta while
being heated. He presents hardness values around 400 until the samples are heated to
~325 °C, at which point the hardness linearly decreases to a value of ~40 at 500 °C.
There is limited information on Al-θ alloys, especially outside of eutectic compositions.
The reported work is limited to investigations of orientation and alignment [30] or the
tensile behavior of laminar nature of samples [18]. However, the few measurements into
mechanical properties of pure theta display values of beneficial properties, i.e. strength
and hardness, that are higher than those of pure aluminum. This suggests that control
over theta nucleation and growth could be valuable in the design of microstructures for
certain material properties.
2.2 Current Processing Methods and Techniques
Contemporary processing routes beyond the traditional ‘heat and beat’ to control
microstructures of metallic alloys can be divided into two groups: those involving
additional post-processing steps to produce multiple microstructures within a
component and those involving an application of additional external alignment fields
during the initial formation of the microstructure.
2.2.1 Post-Processing Methods
Due to the complex heat treatments and physical metallurgy involved in fabricating
industrial alloys, the likelihood of two (or more) microstructures within a component
being produced by the same processing steps is low. Multiple processing methods, all
7

incorporating some additional steps to combine microstructures, have been established
to combat this limitation. Secondary annealing treatments are a simple method used to
alter the diffusion dynamics of a sample by introducing sharp temperature and
compositional variants. These variants are used to create different microstructures than
the original component and are often limited to the surface layers reachable by atomic
diffusion. Using a second (or third) anneal under a controlled environment to alter the
carbon and nitrogen content of surface layers has been used to form functional grade
steels and components for decades. Recently Lefevre-Schlick et al. [43], using a
decarburization anneal, have combined a high strength pearlite with a high ductile
ferrite to produce a compositionally graded 1070 steel with better work hardening and
damage resistance characteristics.
Friction stir welding (FSW) is becoming a common method used to combine
microstructures within a single component. Using immense pressure acting through a
tool die, FSW plastically deforms adjacent microstructures and literally blends them
together. Booth et al. [9] performed an investigation into the material properties of an
Al-Cu 2024 alloy plate having undergone FSW. They attributed variations in surface
hardness and corrosion properties across the weld to changes in precipitate density due
to the local heating and plasticity involved with FSW. Other authors have investigated
FSW on 5000 series Al alloys [44], 6000 series [72], and 7000 series [79]. They also
attributed changes in hardness and tensile properties to the modified precipitate
distributions localized within and around the welding location.
Equal channel angular pressure (ECAP) is one method of introducing high strains and a
large number of dislocations to a sample while it is extruded through a die. The strains
8

are imposed without allowing for changes in cross sectional area. This leads to a
refinement in both grain size and precipitate densities. The exact processing
specifications as well as the geometry between the tool die and sample are used to
control the homogeneity of the final component. Often many passes through the die are
required for a uniform microstructure [26,83]. Horita [34], Gao et al. [27], and Oh-ishi
et al. [62] have all used ECAP to study a wide range of aluminum-based alloys.
Decreased grain size with additional passes through the die and an increase in postaging hardness due to a finer precipitate distribution is commonly seen throughout the
results.
Laser surface treatments are also capable of generating a change in microstructure on a
localized scale. By quickly melting and solidifying the sample, laser surface melting
treatments are, in effect, returning part of the sample to an earlier point in its heat
treatment. Pinto et al. [66] used the melting of an Al-Cu alloy to produce areas with
refined microstructures and increased surface hardness. The heat from laser beams has
also been used to mix additional materials into the surface of samples, referred to as
laser surface alloying or cladding. Schaff [75] irradiated both aluminum and steels
under a nitrogen atmosphere. It was found that surface properties like hardness and
corrosion resistance could be improved via nitriding on a micron sized scale. The quick
solidification of the melt coupled with the high concentration of new alloying elements
often leads to dendritic microstructures and numerous intermetallic phases. The reader
is directed to Watkins [85], Santo [70], and Pawlouski [64] for detailed reviews of laser
surface processing of metals and alloys.

9

2.2.2 Application of External Alignment Fields
The methods listed so far of producing multiple microstructures within a single sample
are able to accurately and locally apply their technique. However, due to the extra
processing involved, these methods require additional equipment, material, and time to
produce components. This is especially apparent when comparing the one-off nature of
the post-processing component formation techniques to the large scale, continuous
casting method of more industrial ‘heat and beat’ processes. To combat the limitation of
throughput associated with post-processing, several studies have investigated
modifications to the standard heat treatment processes with an application of external
forces as a means of controlling the microstructure during its formation and growth.
These methods typically are less costly to implement on a large scale and enable
excellent control over the microstructure. However, these improvements are achieved at
the expensive of localization and are not able to provide a patterned microstructure.
Lui and Chi [46] applied an electric field to an Al-Li alloy during a homogenization
treatment. The field was found to accelerate the dissolution of minor elements and
increase their solubility with the matrix. This allowed for greater control over the
distribution of the main precipitates in later anneals. Jung and Conrad [40] also used an
applied electric field during the solution heat treatment of an Al-Mg-Si alloy. They
found the increase of alloy solubility could be used to increase tensile and yield
strengths once the samples had been annealed. Conrad [12] further reviewed the effects
of an applied electric field during solid state transformation in metals and alloys. It was
found that the additional field reduced the enthalpic energy costs associated with
successful diffusion. The lower Gibbs free energy requirements lead to changes in
10

equilibrium factors including solubility and composition as well as changes in the
kinetics of phase coarsening and recrystallization.
Magnetic fields have also been shown to affect the final microstructures of metals and
alloys. Sauthoff and Pitch [74] studied the use of an applied magnetic field to orient and
selectively coarsen nitrite precipitates within an alpha iron sample. Applying the
alignment field during the solution quench and early in the aging process had the
greatest effect on the orientation of the particles. It was found that the interacting stress
fields generated by larger precipitates later in the annealing treatment overshadowed
any alignment effect from the external magnetic field. Since the early 1960s, applied
magnetic fields have also been used to accelerate the martensitic transformation of
ferrous alloys. The acceleration is normally attributed to the interaction energy of the
induced magnetization. Enomoto [20] presents a detailed review of this subject and
other solid state transformations affected by the application on an external magnetic
field.
2.2.3 Application of Stress Fields
Work or strain hardening of metals via the introduction of dislocations through plastic
deformation has been used to improve strength and hardness of metallic materials well
before the exact reasoning was well understood [52]. Through modern metallurgy,
stress fields have been shown to affect precipitate growth rate and the direction of
formation in bulk samples. Evans and Williams [21] studied the effect of hydrostatic
pressure up to 1.2 GPa during the annealing of an Al- 4.3 wt% Cu alloy. They found
that increased enthalpic energy costs associated with the compression decreased the
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diffusion rates and increased the time required for θ’ and θ’’ precipitate growth.
Furthermore, the enthalpic increases for either precipitate were roughly equal. θ’ and θ’’
have different lattice structures and copper content yet their response to the applied load
was the same. This would suggest the affected diffusion process is the diffusion of
copper atoms within the matrix and not the nucleation of individual precipitates. Zhu
and Starke modeled [89] and experimented [90] with a compressive load applied to the
early stages of precipitate growth of an Al-Cu sample. They were able to orient the
plate-like precipitates perpendicular to the compressive loading. This alignment was
attributed to a reduction in the misfit stress within an Eshelby elastic inclusion model
stemming from the interaction between the applied compressive load and the elastic
strain energy.
Stress can readily be applied to specific locations on a sample. This allows the
possibility of a varying external force that can be used to pattern the control over the
microstructure. Lou and Bassani [48,49] studied the aggregation of nanostructures
using a phase field model incorporating a patterned heterogonous elastic strain energy
field. By varying both the relative ratio of stiffness between the particles and the matrix
as well as the size and sign of the elastic transformation strain, they were able to direct
the clustering of particles to or away from the application of a surface stress. Particles
with a negative transformation strain (i.e. particles smaller than the matrix) could
relieve the stress of the compressed lattice by preferentially forming under regions of
applied pressure. Nieves, Vitek, and Sinno [58,59] further extended the idea of stress
patterning of phases with a Monte Carlo model of the Cu-Ni and Cu-Ag systems
performed under a modulated stress field. By designing a thermal history which slowly
12

cooled the system from solid solution into the two phase region, they were able to
accelerate the process of phase segregation due to the patterned stress fields. Slowly
cooling the system, rather than quenching followed by an anneal, allowed the diffusing
atoms greater time to respond to the applied stress and align themselves under the
loaded regions.

13

Chapter Three – Theoretical Analysis of Diffusion Under Load
The application of an external localized surface pressure coupled with a unique heat
treatment will be employed to pattern the microstructure of the Al-Cu samples. The
pressure is used to locally retard and direct the diffusing copper atoms towards selected
locations (or sinks) for control over precipitate formation while the slow heat treatment
will maximize the control over precipitate growth.
3.1 Reduction in Diffusion Rates
Diffusion in metals takes place on an atomic level when atoms leave a stable
configuration with their neighboring atoms (or vacancies), travel through an
intermediate and higher energy configuration, and reach a new stable arrangement with
any surrounding atoms. The movement, either interstitially between the lattice or on the
lattice sites by vacancy-driven substitutional changes, is caused by thermally activated
random oscillations. The rate of diffusion between two different species, i.e. the
diffusion coefficient D or their diffusivity, as derived by Fick, can written as

   ∗ 

∆





[1]

Where E is the internal energy of the system, P and V are the system’s pressure and
volume respectively, R is the universal gas constant, and T is the temperature at which
the diffusion is taking place. The prefactor Do is the diffusivity at the maximum
allowable temperature and, in this representation of the diffusion coefficient, has several
temperature independent and minor entropic terms factored into it. ∆(E+PV) represents
the enthalpic energy costs associated with moving through the saddle position during
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the diffusion process. Because many measurements and processes involving diffusion
are handled in either atmospheric or homogenous pressure conditions, the PV term is
often assumed to be zero or simply dropped from any analysis. However when a
metallic sample experiences an applied pressure (either hydrostatic or anisotropic) the
lattice will compress or expand and this pressure term should remain in the calculations.
There has been some work into the use of applied pressures to alter the diffusion in AlCu alloys. Unfortunately these studies often use pressures to introduce dislocations prior
(but not during) the actual anneal [71,54], are only interested in the lattice parameter of
bulk samples and not the diffusion activation volume [82], or investigated changes in
material properties without providing details about the atomic arrangements [86]. The
work by Evan and Williams [21] appears to be the only investigation of applied
pressures during an anneal with the necessary analysis of the results to produce
diffusion specific parameters, namely the activation volume. By hydrostatically loading
an Al-4.3wt% Cu sample during various annealing treatments, they were able to
compare the growth rates of both θ’ and θ’’ to unloaded conditions; thus providing the
activation volume ∆V for copper diffusion during a compressed heat treatment. Once
coupled with the pressure P, the activation volume represents the additional energy that
must be supplied to the system for diffusion rates to return to those seen in an
uncompressed lattice. For both precipitates Evans and Williams found ∆V to be ~12.4
cm3/mol.
Assuming static or quasi-static pressure conditions, equation [1] can be written as
∆
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15



 

 

 ∆


[2.2]

A plot of equation [2.2] for a few possible applied pressures using the Al-Cu activation
volume is presented in Figure 3.1.1. As the lattice is compressed at higher loads
successful diffusion requires more energy to offset the P∆V term. Therefore at all
temperatures as the pressure is increased the ratio of loaded to unloaded diffusion
decreases. Additionally, for a given pressure, as the temperature increases the ratio
between the diffusion rates also increases. This is due to thermal expansion of the lattice
parameter at higher temperatures. The expanded lattice requires less energy for
successful diffusion. The result is that applied pressures will retard the diffusion of
atoms.

Figure 3.1.1: Loaded to unload diffusion ratio vs. temperature. Diffusion rates are reduced with a higher
applied pressure due to increased activation volume requirements.
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3.2 Direct Diffusion via Elastic Strain Energy
The final goal of the random diffusion process is to place the system into a lower energy
state. The thermodynamic potential describing systems at constant temperature and
pressure is the Gibbs free energy, G. The Gibbs free energy of a system is defined as
G=H-TS=(E+PV)-TS, where the enthalpic energy of the system (H=E+PV) is reduced
by the energy associated with its entropy or mixing (TS). In order to use the Gibbs free
energy in the analysis the applied pressures and temperature changes of any heat
treatment should be either static or slowly varying relative to the rate of diffusion, i.e. a
quasi-static condition. The change in Gibbs free energy with respect to atomic


concentration,  ,as the system evolves at constant temperature and pressure is known
as the chemical potential, µ. Variations in the chemical potential direct the system
towards lower energy states. For a non-ideal system, i.e. a system with lattice defects
such as surfaces, grain boundaries, and dislocations, the Gibbs free energy of the system
could be lowered with a heterogeneous distribution of atoms. The diffusive flux of
atoms within such a system is dependent on the gradient of chemical potential and
equilibrium is reached when its gradient is zero. The flux of atoms, J, may then be
written as

!  " #$%&

[3]

The mobility, M, of the atoms is used to scale the relative changes in the chemical
potential as it drives the concentration, c, towards equilibrium. For dilute alloys it can
be shown that the M=D/RT. This is a more general case then proposed by Fick’s first
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law of diffusion where atomic fluxes are solely dependent on compositional gradients
within a perfect crystal lattice structure.
As the sample is loaded with surface pressures, the lattice will compress and the system
will be placed into a new and higher energy state relative to its relaxed configuration.
This additional energy supplied to the system as it is elastically deformed is called the
elastic strain energy. Assume that an infinite homogenous half space is deformed by a
symmetric flat punch, as presented in Figure 3.2.1.
Z

X

Figure 3.2.1: Geometry of a flat punch deforming an elastic half space

Following the work of Timoshenko and Goodier [81] as presented by Johnson [38], the
stresses and strains of this system can be calculated from the displacement profile of the
punch. The elastic strain energy density (assuming a Poisson’s ratio of ⅓) is found to be
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Where P is the total pressure applied to the punch, Eyoung is the Young’s modulus of the
half space, and θ is the difference in angles between the edges of the punch as defined
in Figure 3.2.1. Additional details of this derivation are presented in Appendix A.
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This strain energy (per unit volume) is additional energy provided to the system and
must be added to the chemical potential. Equation [3] can then be rewritten into two
terms: one term representing the compositionally driven diffusion of an ideal and
perfect lattice (i.e. Fick’s first law) and a second term representing the drive to
homogenize the energy differences of lattice imperfections (i.e. dislocations, grain
boundaries, or applied strain energy).
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Using Fick’s second law of diffusion, which relates compositional changes over time to
gradients in the atomic flux, the equation describing the diffusion of atoms while
experiencing a compressive load is found to be
?
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The first term on the right hand side of equation [6] is due to normal diffusion. The
second term is the one that arises from the additional strain energy. The combination of
the two terms allows for non-standard diffusion characteristics. Depending on the sign
of both terms, the stress term could accelerate the normal diffusion from high to low
concentrations or it could act as a shielding function, causing the system to diffuse as if
a lower amount of relative concentration difference is present. The only non-constant
term in the strain energy is the angular expression. A plot of the magnitude and gradient
of the angular component of equation [4] is presented in Figure 3.2.2.
The plot assumes a symmetric punch 40 microns wide and centered across the top
surface is used to generate the strain energy within the sample. The highest value of the
19

dimensionless strain energy (shown in red) is located directly beneath the applied load.
This is where the largest compression of the sample will take place and where the
greatest reduction is diffusion rates is located. However, it is the gradients in the strain
energy that will direct the diffusion. Those areas are located on either side of the flat
punch and just below the surface. These pressure cusps represent the areas of largest
attraction or repulsion, depending on local composition and diffusivity changes. For the
specific case of an Al-Cu sample, where copper content is increasing as precipitates
form and the interdiffusion coefficient remains fairly constant, the areas affected by the
displacement of the punch will present a lower concentration than is actually present,
i.e. they will act as sinks for the diffusing copper. This is especially true for areas near
the edge of the indenters where the gradient is largest. The end result is that applied
pressures (through the gradient of their elastic strain energy fields) can direct
diffusion towards or away from the loads.

Figure 3.2.2: The dimensionless elastic strain energy density. The plot is colored based on the angular
component of the strain energy density. The normalized arrows represent the gradient of the same angular
expression. Diffusion rates are reduced directly under the load but the edges of the indenters represent
areas of greatest control over the directed diffusion.
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3.3 FEM Simulation of Reduced and Directed Diffusion
Using Comsol, a commercial finite element program, it is possible to model the early
stages of diffusion for an Al-Cu system under patterned loads. Within the program a
100 micron wide by 20 micron tall, homogenous aluminum subspace is created with
Young’s Modulus of 70 GPa. This space is initially seeded with a uniform
concentration of 1 at% Cu having a maximum diffusivity constant of 1.68·10-5 m2/sec
and an activation energy of 126.625·103 J/mol. The diffusion parameters represent
averages of several 2D diffusion studies of low concentration Al-Cu alloys [87,1,41].
The lower boundary in the model is kept constant at the initial concentration due to its
distance from the applied pressure. The left and right boundaries are allowed to satisfy
symmetry conditions to reduce the size of the simulation. Flux through the top boundary
is kept at zero. A 50 MPa pressure is uniformly distributed across the center 40 microns
of the top surface and diffusion is allowed to develop at 600°C. All of these parameters
have been selected to closely match those within a standard experimental run. Both the
effect of reduced diffusion rates from the applied pressure and the directed diffusion
from the elastic strain energy are included in the simulations. Results from the
simulations are presented in Figures 3.3.1a-d.
As diffusion is allowed to progress, the copper is directed toward the areas with large
gradients in the elastic strain energy, i.e. the pressure cusps. Interestingly, the Cu within
the area directly under the applied load is swept out to either edge even though that area
has the highest pressure and therefore the slowest diffusion, see Figure 3.3.2. One
possible explanation for this is the large gradients in the elastic strain energy that are
also present under the loaded surface but just near the indenting edges, as shown in
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Figure 3.3.3. The gradients are large enough to offset the reduction in diffusivity. This
would also explain the curved nature of the affected region deeper in the sample. The
pressure decreases with depth beneath the surface yet the elastic energy, while also
reducing in value, continues to have large gradients as it radiates outward from the
loaded region.

(a) The initial homogenous concentration of Cu.

(b) After 1 second. The pressure cusps have formed and are starting to gather copper.

(c) After 5 seconds. Cu concentration under the load is reduced as
diffusion is directed towards the edges of the loaded region.

(d) After 20 second. The slowed and directed diffusion is used to gather Cu at selected sites.
at. % Cu
Figure 3.3.1: A Comsol simulation of Cu diffusion within Al under a compressive load.
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Figure 3.3.2: Diffusion rates (m2/sec) within the Comsol simulation. The large pressures under the loaded surface reduce the diffusion rates. However, the total
change in diffusion is small.

Figure 3.3.3: The total elastic strain energy (Pa) of the Comsol simulation. The plot is colored for the strain energy with the arrows proportionally representing
the gradient of the elastic strain energy. The large changes in strain energy under the loaded surface and at the edge of the indenters help to direct the copper
diffusion towards the indenters.

3.4 The Salt-Sample Interface
The Comsol simulation also allows for an investigation into the effects of the interfaces.
If a physical loading device is pressed into the surface of the sample, as seen in Figure
3.4.1, there will be an interface between the sample and device, δindent. The samples are
also in contact with a furnace environment, in these experiments a liquid salt medium,
generating an interface between the sample and its environment, δsalt. Therefore, the top
boundary in a real experiment will have more complicated restrictions placed on it then
simply a zero flux condition. It is possible for an atomic flux to exist across the
pressure-loaded region as it represents where a physical loading device would make
contact. The model is able to handle such a situation; however, the materials chosen for
the experiment (see section 4.2) have a negligible solubility with each other. Therefore,
in order to have a closed system and model just the pressure and interface effects, this
parameter is set to zero.
PRESSURE

LOADING DEVICE

δsalt

δindent

δsalt

SAMPLE

Figure 3.4.1: Interfaces generated by the experimental loading
Across the entirety of the top surface of the sample there is a disparity in Gibbs free
energy at the boundary because there is either no adjacent subdomain or a difference in
material across the interface. There is an energy associated with forming this boundary,
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normally written as γA. This energy term is added to the chemical potential of the
surface just as the elastic strain energy was added to the chemical potential of the bulk.
The gradient of this energy term therefore appears in the flux expression used to
describe the copper diffusion at the boundaries.
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By assuming constant properties parallel to each boundary, the gradient reduces to a
derivative, ∆(γA). This derivative involves both surfaces energies to form the fresh
boundary, γ∆A, as well as surface stresses needed to shape the new surface, A∆γ.
Measurements of the energies required to form a free surface are complex, often are
performed either under vacuum or standard atmosphere but not liquid salt, and yield
values averaged over many crystal orientations [39,55]. A few authors have tried to
model or calculate the stresses for free Al surfaces, but the results involved idealized
small samples calculated without temperature or pressure [56,57]. Finding ∆(γA) values
for the Al-Cu system against both the liquid salt and the Ta or Ti loading devices was
not possible. Therefore Comsol simulations with ∆(γA) values over 18 orders of
magnitude, under the same pressure and diffusion conditions, were performed. Sample
results are presented in Figure 3.3.2a-c. and Table 3.4.1.
Table 3.4.1 lists the maximum copper concentration seen in the Comsol simulations
after 20 seconds for a variety of different ∆(γA) values for both the salt and indenting
interfaces. In general, the indenting interface had little effect on the collection of copper
and was overshadowed by the effect of the elastic strain energy. The interface between
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the salt environment and the sample did change the maximum copper collection, but
only by a factor of ~3.5 over the full 18 orders of magnitude.
Salt\Indent

-109

-1

-10-9

0

10-9

1

109

-109

0.0183

0.0184

0.0184

0.0184

0.0184

0.0184

0.0186

-1

0.0308

0.0310

0.0310

0.0310

0.0310

0.0310

0.0312

0.0308

0.0310

0.0310

0.0310

0.0310

0.0310

0.0312

0.0308

0.0310

0.0310

0.0310

0.0310

0.0310

0.0312

0.0308

0.0310

0.0310

0.0310

0.0310

0.0310

0.0312

1

0.0308

0.0310

0.0310

0.0310

0.0310

0.0310

0.0312

109

0.0623

0.0626

0.0626

0.0626

0.0626

0.0626

0.0630

-10

-9

0
10

-9

Table 3.4.1 – Maximum copper concentrations (at %) for different combinations of interfacial energies
for the indenting surface and the free surface exposed to the liquid salt. Images from the highlighted
combinations are presented in Figure 3.3.2.

For all cases the directed diffusion of copper toward the pressure cusps was retained.
Cases with a negative ∆(γA) values had lower copper increases within the cusps than
cases with positive ∆(γA) values. Due to the ambiguity in defining a boundary area on
which to evaluate or apply the ∆(γA) effect, coupled with the lack of phase
transformation inherit in the model, fully explaining the decrease in copper
concentrations for negative values is beyond the scope of the simulation. However it
does suggest that positive ∆(γA) values are associated with higher energy costs to form
the free boundary (compared to the costs of continued bulk diffusion). This could lead
to more available copper atoms for collection rather than being used for surface creation
Regardless of the size and sign of the interface parameters, the influence of the
boundary is limited only to those atoms within diffusing distance of the edge. The
slowed diffusion and directed mobility due to the pressure loading plays a vastly more
26

important role in controlling the copper concentration. In the next section, a heat
treatment to take full advantage of the directed diffusion is designed.

(a) ∆(γA)= -109 J/m. Total Cu amounts collected are lower compared to simulations
performed without interface effects. However the pressure still increases Cu concentration in
the predicated pattern.

(b) ∆(γA)= 0 J/m. The results without an effect from the interfaces

(c) ∆ (γA)= 109 J/m. Collected Cu amounts are higher with positive ∆(γA) values. However
the model is lacking several key physical effects (phase transformation, concentration
dependent lattice parameters, boundary thickness, etc…) to draw specific conclusions about
the interface effects.
at% Cu
Figure 3.4.2: Comsol simulation of the interface effects
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3.5 Planning the Slow Cooling Heat Treatments
Before the precipitates can grow from the supply of directed copper they must nucleate
from the bulk matrix. By doing so the Gibbs free energy of the total system is changed.
There is an increase in Gibbs free energy due to the new surface or boundary that must
be created. At the same time there is a decrease in the Gibbs free energy due to the
volume creation of the new phase, ∆Gv. There could also be a change in the Gibbs free
energy due to straining the lattice surrounding the new particle, ∆Gs, in order to fit its
size and possible new crystal structure within the bulk. All of these effects are
dependent on the size of the precipitate nuclei, suggesting that there is a critical size that
must be reached if the precipitate will lower the total Gibbs energy and remain a stable
particle. For simple spherical precipitates the critical change in Gibbs free energy
reduces to
∗
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∆G* represents the energy barrier for stable precipitate formation and is dependent on
the interfacial free energy, γ. This must be tempered with the barrier for atomic
mobility, ∆Gm, for the newly nucleated precipitates to grow through diffusion.
Therefore the net nucleation rate for stable precipitates, N, will be proportional to both
values
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This temperature dependent conflict between atomic mobility and the drive to nucleate
precipitates leads to an undercooling window – an area within the phase diagram where
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precipitate formation is technically possible but experimentally impractical. This
conflict is presented graphically, from Porter and Easterling [68], in Figure 3.5.1.
In 3.5.1(a) the figure shows a two phase diagram with overall composition X0 and
equilibrium temperature Te. ∆Gv will increase with decreasing temperature due the
additional chemical potential energy costs associated with the compositional changes
achieved via the changes in temperature. Assuming the interfacial energy and strain
energy costs are constant, then ∆G* increases with temperature, as shown in figure
3.5.1(b). Therefore, as shown in 3.5.1(c), at high temperatures the mobility of the atoms
is high but so is the energy cost associated with forming stable precipitates. At low
temperatures the energy cost of nucleus formation is reduced but the diffusion rate also
decreases. In order to have a high rate of stable particle formation the system needs to
be undercooled below the equilibrium temperature by an amount ∆Tc, placing the
system at an intermediate temperature for maximum nucleation and growth, as shown in
3.5.1(d).

Figure 3.5.1: Undercooling and precipitate formation, from [68]. (a) The phase diagram. (b) The drive to
form particles ∆Gv- ∆Gs and the energy barrier ∆G*. (c) The two competing exponential terms. (d) The
resultant nucleation rate
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This analysis is overly simplified for the Al-Cu system and the experimental process. In
practice the particles will have multiple interfacial energies leading to faceted particles
and growth along certain preferred crystallographic directions. Additionally, due to the
applied pressure field the mobility of the atoms will not remain uniform throughout the
sample. Therefore the drop in temperature required for stable particles to form will also
vary. In general, applying a load which reduces the mobility of the atoms further
decreases the undercooling temperature and ultimately the nucleation rate.
The connection between temperature, composition, and nucleation rates is presented in
Figure 3.5.2, from [68]. As the overall composition of an alloy, XB, is reduced, reaching
into and past the undercooling window implies lower overall temperatures. At these
lower temperatures the diffusion rates are slower and the formation barrier is higher,
leading to lower overall nucleation rates. In other words, at a given temperature, an
alloy with higher concentration, XB(1), will have a higher nucleation rate, N(1), then a
more pure alloy, XB(2) and N(2). The experiment will use this connection to design a
heat treatment that takes full advantage of the directed copper diffusion.

Figure 3.5.2: The effect of alloy composition on the nucleation rates, from [68]. The nucleation rate in
alloy 2 is always less than in alloy 1.
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When an aluminum rich Al-Cu sample is heated above the equilibrium temperature,
into the single phase region, the copper atoms are absorbed into the bulk matrix. If the
sample is then loaded with patterned surface pressures the diffusion of atoms will be
affected. The diffusion will be directed to the edges of the loaded regions as they
represent areas of maximum gradient in the elastic strain energy. When the loaded
sample is cooled to temperatures below equilibrium the rate of precipitate formation and
growth is negligible until temperatures below the undercooling window are reached.
However, areas with a higher Cu concentration have a hotter undercooling window
and a smaller ∆Tc. Therefore, as the sample is cooled the areas rich in Cu (i.e. the
pressure cusps supplied with the directed Cu mobility) will be the first to reach an
appropriate temperature for precipitate formation. Due to Ostwald ripening the particles
that form first will grow at a faster rate and at the expense of any smaller particles.
Additionally the diffusion rates beneath the loaded regions are reduced. Copper atoms
that are either originally under the load or that randomly enter the affected regions are
slowed and will have more time to experience the effects of the applied pressure.
The combined effects of reduced diffusion rates, directed mobility toward the indenters,
and the acceleration of particle nucleation by slowly moving through the undercooling
window all tend to reinforce each other. The end result is that precipitate formation
under and near the areas of patterned applied surface pressures is preferred
compared to the normal nucleation and growth of precipitates away from the loaded
regions.
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Chapter Four – Experimental Details and Procedure
4.1 Aims of the Present Investigation
Coupling stress-directed precipitate control with the compositional acceleration
achievable via slow cooling heat treatments represents a possible approach to tune
material properties by varying the microstructure within a single component. This thesis
will therefore demonstrate the use of a non-uniform stress field created via the
application of patterned surface pressures as a means to control the precipitate
formation and growth at specified locations of an Al-Cu alloy, leading to directed
microstructures.
A schematic of the final experimental setup used to create the patterned microstructures
across the surface of the alloy is presented in Figure 4.1.1. The design of a thermomechanical process that could apply a patterned pressure field required focusing the
project onto a few tasks. First, generating the modulating surface pressures required the
fabrication of loading devices that could withstand the furnace environment during long
annealing treatments, that would not introduce compositional changes to the
experiment, and whose design and creation could be controlled. Second, to generate a
static state of pressure loading during experiments required a means to align the
samples and loading devices during the insertion and removal from the furnace and
during the anneal itself. Finally, in order to demonstrate applied surface pressures as a
means to pattern the microstructure, heat treatments were designed to maximize
precipitate growth beyond sizes typically seen in commercial heat treatments. Such
treatments required minimizing any detrimental effects of long term placement within
the furnace environment.
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Figure 4.1.1: A schematic of the final experimental setup. Ta or Ti loading devices are used to apply a
patterned pressure field to the surface of an Al-Cu alloy. During anneals within a salt furnace, these
loaded regions will affect the diffusion of copper and control the precipitate formation. Due to corrosive
effects, a sacrificial element is used to provide a protective biasing current through the salt. Not shown
are additional apparatus used to maintain alignment between the sample and loading device.

4.2 Material Preparation
The aluminum-copper alloy system was selected for patterning of its precipitates
because of its established processing history [4] and for its well-studied and
implemented use of precipitate hardening as a common strengthening agent [53]. Alcoa
graciously provided samples of Al-Cu ‘bookend’ casts measuring approximately 3 by 6
by .8 inches. The chemical makeup of the samples as measured by Alcoa using optical
emission spectrometry can be seen in Table 4.2.1. These values were confirmed, within
detector accuracy, using an Oxford energy dispersive x-ray spectroscopy detector (EDS
analysis) within a JOEL 6400 and later a JOEL 7500 scanning electron microscope at
the University of Pennsylvania’s Regional Nanotechnology Facility (PRNF). Due to the
high purity level, all further analysis will treat the samples as simply Al-2wt%Cu.
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Table 4.2.1: The chemical composition (in weight percent) of the Al-Cu alloy samples provided by Alcoa
Si

Fe

Mn

Mg

Cr

Ni

Zn

Ti

Pb

Be

Cu

Al

0.022

0.053

0.001

0.001

0.000

0.002

0.004

0.002

0.0006

0.0000

2.08

remainder

The pressure-loading devices were initially fabricated out of titanium and later
tantalum. This switch from Ti to Ta was facilitated by contamination issues with the
furnace environment. A detailed discussion of this issue is presented in section 6.2 of
this thesis. The high yield strength of these metals would ensure that the loading devices
would transfer the pressure loads to the softer Al-Cu samples without plastically
deforming. Both metals also have a near negligible solubility with bulk aluminum
which limits any atomic diffusion between the samples and the loading devices during
the prolonged anneals [6]. Drop pieces of half-inch diameter 6Al-4V titanium (grade 5)
were graciously provided by President Titanium. A half-inch diameter rod of 99.99%
pure tantalum was purchased from Ed Fagan Special Purpose Alloys. The purity and
absence of any major contaminants of both metals were confirmed with EDS analysis at
PRNF.
The titanium rod was sliced into 1/8-inch thick discs using a conventional machining
lathe. Owing to its hardness as a refractory metal, the tantalum rod was sliced into 1/8inch thick discs using a Brother HS-300 wire electrical discharge machine. The Al-Cu
castings were cut by bandsaw into 3- by .8- by .125 inch slides before being further
reduced into roughly .6- by .4- by .125 inch blanks. The Al-Cu samples were stored
within a Thermolyne Type 47900 muffle furnace at 600 °F, with later samples having
been stored for over three years at elevated temperature. Individual samples were
quenched with room-temperature DI water just prior to experimentation. Long term
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storage of the samples at elevated temperatures allowed for a more complete
homogenization of the chemical composition across the samples, and the increased
grain-size associated with the indefinite solution heat treatment limited the effect of
intra-grain diffusion during the actual experiment. The typical grain size of postquenched samples is roughly 1-2mm. With the loading of surface pressures in the
micron range, diffusion can therefore be thought of as taking place within bulk single
crystals rather than a network of grains and grain boundaries. All experiments discussed
within this thesis will use these general materials as a starting point.
4.3 Sample Polishing
To allow for an even loading of pressure onto the sample surfaces during an
experimental run, both the Al-Cu blanks and the loading devices require a flat and
smooth surface. Mechanical polishing was used to prepare the surfaces because of the
high level of accuracy across the large surface areas and the high level of precision
between multiple sample sets polished at different times. Items to be polished were hot
mounted in basic phenolic mounting powder from Allied High Tech Products using a
Struers LaboPress-3. Polishing was performed on a Struers RotoPol-22 with RotoForce4 head attachment. The exact polishing routine is presented in Table 4.3.1. The routine
uses multiple runs with decreasing applied pressures to ensure a final low surface
roughness while minimizing sub-surface plastic deformation. After polishing the
samples were cut free from the mounting material, rinsed with filtered water, and dried
with compressed air. Atomic force microscopy (AFM) measurements using standard
tips performed in tapping mode on a DI Dimension 3000 were used to measure the
surface roughness after polishing. These measurements were further verified with a
35

Zygo Newview 6200 optical interferometer. The final polished samples routinely
displayed root mean square (RMS) surface roughness values under 20 nanometers and
peak-to-valley measurements of 1 micron across a line scan of 100 microns. A typical
scan of a polished Al surface is presented in Figure 4.3.1
Table 4.3.1: The standard mechanical polishing routine. Samples are optically inspected after each run,
with additional polishing time provided as required. System is flushed with water during the last two
minutes to ensure removal of the colloidal silica.
Step
#

Polish Pad Type

Abrasive Size

Force per Sample
(N)

Time per Run
(sec)

1

SiC paper

~46 µm (320 grit)

10

60

2

Steel backed
ceramic

9 µm poly-crystal
diamond

20-15-10-5

120

3

Taffeta Woven
Wool

1 µm poly-crystal
diamond

20-15-10-5

120

4

Porous Neoprene

0.04 µm colloidal silica

10

180

Figure 4.3.1: Optical interferometer scan of a typical polished Al-Cu surface. The low RMS surface
roughness and overall smoothness of the samples help to simplify the analysis and produce repeatable
results. This specific example also has a polishing scratch (upper left) but has low surface roughness with
RMS values of ~2nm and peak-valley measurements of ~20 nm.

4.4 Loading Device Fabrication
The nano/micro device fabrication technique of photolithography combined with acid
etching was employed to create the loading devices out the Ti and Ta blanks. Using
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photolithography ensured repeatability in the size and pattern of the indenters while
maintaining the low level of surface roughness across the blanks. Standard recipes
designed for the processing of silicon wafers were modified to work with the smaller
yet thicker discs and the metallic (rather than semiconducting) nature of the blanks. All
of the loading device fabrication was performed at the University of Pennsylvania’s
Wolf Nanofabrication Facility (WNF), with the majority of the lithography work
performed on a Karl Suss MA-4 mask aligner. Custom photomasks of sputtered Cr on
soda-lime glass were purchased from the Cornell NanoScale Science and Technology
Facility (CNF). Each 5 inch mask contains 15 different patterns. The patterns are either
rows of solid lines or lines of squares separated by spaces. Line widths range from 25125 microns and spacing between each square ranges from 10 to 100 microns. Lines
within a pattern are separated by 500 to 2000 microns. This large separation allows for
negligible stress interaction between each line. While every pattern has a different
combination of thickness and spacing, the total nominal area of each pattern is 1 square
millimeter. An exact outline of the photolithographic process with pertinent comments
is presented in Table 4.4.1.
Wet acid etching was used to create the indenters due to its high material removal rates.
A 5% dilute hydrofluoric acid mixture was used on the titanium devices [86] while a
50-50 mixture of hydrofluoric and nitric acid was used to etch the tantalum blanks [80].
For both systems, in order to create tall indenters that would not bottom out when
pressed into the softer Al-Cu samples, the etching process was allowed to continue until
just before failure of the masking material, or roughly 30-45 seconds. This created tall
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Table 4.4.1: The photolithography processing steps to fabricate the pattern loading devices. Additional
processing time and steps are need due to the thick photoresist and the small diameter of the samples.
Step #

General Process

Process Iinformation

Comments

1

Spin coat an adhesion
layer (MicroPrime MPP20) to promote uniform
resist application

Spin at 4k rpm for 30 seconds,
bake at 105 C for 3 minutes

Pause ~30 seconds after
application to promote surface
adsorption

2

Spin coat photoresist
(Megadeposit SPR 220)
to act as the masking
agent

Spin at 500 RPM for 6
seconds, spin at 3k rpm for 30
seconds, bake 3 minutes at
90C, bake 3 minutes at 105 C

Due to viscous nature of the
resists, care is taken to get an
even, thick coat and then
completely bake out all solvents

3

Exposure masking layer

60 seconds at 415 nm light at
15 W/m2 irradiance

Extended time guarantees full
exposure of negative resist

4

Develop masking layer

2-3 minutes in developer
(Microdeposit CD-30)

Allow extra time to fully develop
thicker resists

Acetone wipe extra resist,
air dry 12 hours

Must remove outer ring of
thicker resists due to small
sample diameter, allow resist to
equilibrate to room humidity
before continuing

5

Acid preparation

5% HF for Ti blanks
6

Acid etching

50%-50% (by volume) HF and
Nitric for Ta blanks

Etching times may vary from 30120 second depending on the
blank material and the quality of
the photoresist.

indenters that still retained their flat and polished surfaces. Due to small changes in
processing parameters (room temperature and humidity, hot plate uniformity, hand
mixing of acids, etc…) no two loading devices are exactly alike. However in general the
final devices are fairly similar to each other with raised indenters 3-6 microns tall,
indenter widths in the 40-60 micron range, and total line lengths of 2-4 millimeters.
Undercutting from the etching process facilitated smaller indenter sizes then the applied
masking pattern. Size reductions of 25% or more are common, with a greater reduction
in size happening with longer etching times. Images of typical final loading devices are
shown in Figure 4.4.1.
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½ inch

½ inch

Figure 4.4.1: Ta (left) and Ti (right) loading devices. Raised indenters are patterned in parallel lines on
each polished disc. Differences of color are due to surface roughness and surface oxidation of unprotected
areas during the wet etching process. Once inverted, the raised areas of the surface will become patterned
indenters used to apply localized loading to the polished Al-Cu samples.

4.5 Furnace and Salt Medium
All heat treatments presented within this thesis were performed within a custom built
salt furnace purchased from Ajax Electric Co., Inc., seen in Figure 4.5.1. The 2-kilowatt
furnace employs a thermocouple-backed digital controller to regulate the 9 amps of
current supplied to immersion heaters within its 12-inch-deep steel pot. Joule heating
from the resistors is used to liquefy and maintain a salt medium. Tempering C-ALHT
granular salt from Park Metallurgical was selected for the experiments. The salt is an
equal molar mixture of sodium and potassium nitrates designed for relatively low
temperature annealing of aluminum alloys [63]. The direct thermal contact between the
samples and the salt medium allows for accurate control over the temperature profiles.
However, due to the chemical nature of the salt, items placed within the furnace are
subject to corrosion and passivation. To reduce these effects a sacrificial metallic
element of 50-50 wt. % Cu-Ni is inserted into the furnace during each run using 99.9%
pure aluminum wire. A current delivered through the element is used to establish a
biasing voltage within the liquid salt to prevent the formation of contaminating
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particles. The application of -2V relative to ground is enough to limit particle formation
from both Ti and Ta sources. The experimental setup also includes provisions to protect
the furnace and salt pot from accidental groundings or shorts from the sacrificial
element. A more specific discussion of the salt medium and the issues associated with
long term anneals within the furnace is covered in section 6.2 of this thesis.

baffle
heater

main unit

controllers

Figure 4.5.1: The Ajax salt furnace used for the experiments. The main salt pot (top) showing baffle and
resistance heaters submerged in the liquid salt. The thermocouple controller and current source (bottom)
in the foreground with the main working unit in the background.
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4.6 Sample Alignment and Dead Weights
To ensure alignment between the loading devices and Al-Cu samples during the
physical insertion, annealing, and removal of samples from the furnace, special steel
cages were designed and built out of 304L steel rods and discs purchased from
McMaster-Carr. The cages are designed to accept a flat bottom quartz tube from
Corning Glass that itself is loaded with a stack of an Al-Cu sample, loading device, and
dead weight. The cage/tube combination is then suspended across the furnace to place
the alloy sample within the heating zone of the salt medium. An example sample stack
is shown in Figure 4.6.1.
To develop a processing technique that could be implemented in existing furnaces at
low cost, simple dead weights were chosen as the means to generate the loading
conditions required to form the localized surface pressures. Weights between 300 and
525 grams were fabricated out of 304L 7/8 inch diameter stock rod bars also purchased
from McMaster-Carr. Made out of the same steel as the furnace itself, the rods form a
passive oxide layer on their surfaces. Once in the salt they would not chemically
contaminate the experiment in any way. To improve alignment conditions the rods were
turned on a lathe to ensure a tight, uniform fit within the glass tubes.
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dead
weight

loading device

(a)

(b)

Al-Cu

Figure 4.6.1: The alignment cages containing a quartz tube and steel dead weights. (a) The cross bar,
through the eyelets, is used to suspend the cages within the salt furnace (b) Schematic of the stacked cage

4.7 Heat Treatments
The slow cooling heat treatments are divided into three stages. The first stage is a hold
at a temperature above the solvus line. This step allows for any precipitates that formed
during the hot mounting and polishing of the Al-Cu sample to dissolve back into the
matrix. It further serves as a means to stabilize the sample, loading device, and
alignment cages to a stable stress state while the furnace equilibrates itself to the
thermal load. While any temperature above the solvus temperature of 800 °F will serve
this purpose, higher temperatures accelerate the corrosion processes of the salt. Both
holds at 815 °F for up to 48 hours and holds at 805 °F for up to 30 hours were used,
with no discernible difference in the degree of final precipitate control. The second, and
most important, stage of the heat treatment is a slow cool across the solvus into the two
phase region. It is this stage that will direct the diffusion of copper towards the indenters
and assist in the formation of stable precipitates under the loaded regions. Constant
cooling rates from 2 to 60 °F/hour were investigated. The final stage of the designed
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heat treatments is a low-temperature hold within the two phase region. During this hold
the precipitates will continue to coarsen due to Ostwald ripening. Extended time spent
at this temperature ensures that the final precipitates are large enough for general SEM
observation. Holds at 725 °F were performed for up to 48 hours.
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Chapter Five - Results and Discussions
5.1 Micrographs of the Al-Cu alloy
Metallography is one component of metallurgy that is still more of an art than a science.
The specimen micrographs by themselves present only qualitative information about the
microstructure: grain sizes are small, particle densities are high, porosity is limited, etc.
Generating even basic quantitative parameters requires a priori knowledge of the
sample’s chemical composition, the casting and forming involved, any applied heat
treatments, how the specimen was prepared for observation, and even the possible
chemical history associated with any testing equipment.
SEM micrographs showing general precipitation of an annealed sample (far from any
pressure loads) is presented in Figure 5.1.1. Interpreting these figures is made simpler
due to the relatively pure binary nature of the alloy and the long heat treatment applied
near the solvus. Thus the presence of complex precipitates or metastable particles is
minimized. Chemical and structure analysis, as detailed in section 6.3.3, reveals that the
white particles (representing areas of high signal strength) are Al2Cu theta precipitates
and that the dark background remains the bulk Al matrix.
The stress directed precipitation is designed to assist in the nucleation and growth of
theta precipitates under and near the loaded regions. It does not inhibit the formation or
growth of particles away from the load. Therefore, in order to present and analyze any
results, the project requires a method of filtering the data to display the true effect of the
slow cooling pressure assisted heat treatments.
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(a)

Fe contaminant

(b)

Figure 5.1.1: General precipitation of the Al-Cu alloy. (a) Preferred growth along (100) directions due to
interfacial energy costs. Also shown is a large iron based contaminant. (b) Theta particles head-on as well
as a number of small voids due to porosity from the casting or thermal shock from repeated quenches
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5.1.1 The Maximum Diffusion Length
Ideally the samples would be a single crystal with a perfectly uniform distribution of
copper. In practice the samples have a few grain boundaries and the occasional
contaminant (often Fe based from the smelting of the original bauxite ore). These
imperfections represent areas of cheaper energy costs for diffusion, either through
additional dislocations or void spaces. It is therefore impossible to say whether
precipitates formed near these locations are due to the stress patterning or some other
process. Furthermore, the stress directed precipitate formation has a finite range of
influence. The precipitate control is limited to those copper atoms which exist under the
load or diffuse to the indenters. Assuming the diffusion of Cu in three dimensions is a
random walk with constant step size, the radial distance traversable can be shown as r =
2.4 ∙ √X . Using the pressure-free diffusion coefficient (from section 3.3 of this thesis)
near the solubility line (~700K) this range is ~55µm/day, which coincidentally is also
roughly the size of the indenters on the loading devices.
This value represents the maximum range that an indenter could influence. In reality the
control will be limited to a much smaller area. The atomic diffusion is not random
because the pressure field does direct diffusion toward the indenters; however the
diffusion rates also reduce in the areas near the load. Additionally, the diffusion
coefficient assumes both constant maximum allowable temperature during the entirety
of the anneal as well as uses parameters measured from 2D diffusion experiments along
grain boundaries. Both of those conditions would lead to faster and longer diffusion
paths, neither of which are true for the experiments performed in this thesis.
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Figure 5.1.1.1 displays an SEM backscattered electron micrograph of an Al-Cu sample
having undergone stress assisted diffusion to pattern the theta precipitates into a line.
The total annealing time is just over 6 days so the maximum diffusion distance is
roughly 330 µm, shown as the red box. Treating particles in regard to this zone is
discussed in the next section.

Figure 5.1.1.1: Assisted theta precipitation. The sample was loaded with 40 µm squares under ~164MPa.
Heated at 815°F for 45 hours, cooled 2°/hour, and then held at 725°F for an additional 45 hours. The red
box represents the maximum range for controlled Cu diffusion.
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5.1.2 A Discussion on Image Analysis
The binary behavior of both the alloy and the SEM images lends itself to a threshold
analysis. By setting a cut-off intensity level for the images the precipitates become
clearly defined and a numerical analysis of their size and distribution can be performed.
A detailed discussion on how the threshold action is performed is presented in section
6.3.2. Figure 5.1.2.1 presents the threshold image of Figure 5.1.1.1. The clear
enhancement of precipitates under the loaded region is evident.

Figure 5.1.2.1: Threshold image of the assisted precipitation. The line of assisted precipitates, in black, is
clearly visible in the center of the image. The Al matrix is in white.
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ImageJ, a free scientific image processing program, was used to numerically analyze the
particles. For each plot, the area and center of mass of every particle is calculated. This
calculation includes partial particles on the edge of the image as well as any holes or
voids within a particle; neither of these cases is expected to have a high occurrence rate
so this effect is minimized. From the particle count a distribution is formed. The image
is divided into vertical bins each 10 pixels wide. The center of mass of the particles is
used to place the precipitate within the bins to generate a histogram of particle count
versus vertical location within the image. Additionally, the average particle size for the
bins is used to color code the plots. Bins with an average precipitate size within 10% of
the maximum average precipitate size for the image are colored in blue, with additional
coloring used for each successive 10% drop in the average particle size.

Fraction of Max Theta Size

Figure 5.1.2.2: Colored histogram of assisted precipitation. The location of over 700 particles is used to
generate the plot. Color is assigned relative to the maximum average size of 43.75 µm2.
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Figure 5.1.2.2 presents the histogram corresponding to the threshold image of Figure
5.1.2.1. The tall spike in the center of the image is due to the assisted growth of theta
precipitates. The range of influence extends roughly 250 pixels on either side of the line
of indenters. Particles outside of this zone form naturally and without the pressure
assistance. In this example all particles within the image have been used for the
calculations and plots. Therefore, the few bins near vertical pixel 1050 (which are just
beyond the range of influence) represent the randomness of the precipitation process
and of the samples. Their average size is roughly half of the maximum size and is
certainly larger than their surrounding neighbors. Figure 5.1.2.1 does show a few large
precipitates in that region. Those particles must then represent an area, not affected by
the assisted diffusion, but rather one that randomly had the appropriate diffusion
conditions (i.e. Cu content) to mimic the precipitate growth seen under the assisted
region. Yet the absolute number of large precipitates within those bins in small, over
four times smaller in number than the main assisted spike at the center of the image. By
chance that unassisted area of the sample was able to form a few large precipitates, but
it does not rival the high number of large precipitates that is possible in the stress
assisted diffusion region of the sample.
The same random precipitate formation and growth that mimics the assisted diffusion
will happen along grain boundaries, towards contaminants, and in places where the
homogenization of the Cu content is incomplete. For most results presented within this
thesis those particles will be negligible and therefore all particles will be used in the
calculations and plots. When a particle outside of the region of influence vastly alters
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the results it will be highlighted in the corresponding images and removed from the
calculations. In general, by including all of the particles within an image for analysis,
the values of average precipitate size decreases. This is due to a high number of nonassisted particles being included in the calculations. However, the general trend of
directed control over the Cu diffusion, as seen by the particle counts per vertical slice,
remains unaffected.
5.2 Successful Slow Cooling Experiments
The following sections discuss the use of localized pressure to direct the nucleation and
growth of theta precipitates. Generally the method has been successful, with an increase
in the size and density of precipitates directly under the indenters. The challenges
encountered will also be discussed.
5.2.1 The Rough and Shifting Sample
Figure 5.2.1.1 displaying two common experimental issues: movement of the loading
device during processing and large plastic deformations. The basic SEM image shows
both a large, ribbon like carbon contaminant from handling the sample post-anneal as
well as a few salt remains. The non-precipitates have been identified both by visual
inspection and by chemical analysis. A detailed discussion of the chemical analysis is
presented in section 6.3.3. The salt particles have been highlighted in red for the
threshold image and will be removed from the calculations. The small scale bar
represents 100 µm. The squares are 50 µm wide generating a load of ~105MPa. The
heat treatment was 30 hours at 805 °F, cooling 2 °/hour until 725 °F, and then a final
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hold for 45 hours. Notice that the controlled regions are larger than the indenter squares
due to shifting during the anneal.
(a)

(b)

Carbon
contaminant

100 µm
Figure 5.2.1.1: The rough and shifting sample. (a) The basic SEM images shows both contaminants and
plastic deformation. (b) The threshold image shows good control over the precipitation across the entire
line. Salt particles have been highlighted in red.
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The steel alignment cages are suspended freely across the top of the salt furnace. The
furnace itself has a baffle designed to circulate the salt in order to create a deep, uniform
heating zone. This leads to (slow) convection currents within the liquid that could cause
the steel cages to sway slightly. The furnace is also kept within a public area. Therefore
there are no assurances that during a week long anneal the furnace is not bumped or
interfered with. Due to these effects, and possibly others, sometimes the loading devices
have been shown to shift or walk across the surface of the alloy. This movement means
that a non-static loading is applied to the samples during the heat treatment. In the case
of this specific sample, the loading device appears to have pivoted about the midpoint
of the pattern lines, as seen in Figure 5.2.1.1.
Magnifying the top end of the line in Figure 5.2.1.2 reveals that this movement roughly
doubled the area where pressure was applied. This could explain the large region of
precipitate control seen at either end of the line by the threshold image. Also seen in
Figure 5.2.1.2 is the large plastic deformation that sometimes takes place on the surface
of well controlled samples. This taffy like effect is believed to be caused by the growth
of many (incoherent) theta precipitates within a localized area. Theta particles are larger
than the surrounding bulk matrix and as such produce strain on the lattice. The particles
also have to grow against the interface with the loading device. As the precipitates grow
they push out the elastically weaker Al and generate the plastic deformation. Not every
sample with good precipitate control displays this taffy effect, however all samples with
this form of deformation show good precipitate control.
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(a)

salt particle

(b)

salt particle

Figure 5.2.1.2: Magnified look at the line. The shifting loading device causes a larger area to experience
the applied pressure during the long anneal. Also shown is the taffy like plastic deformation, possibly
caused by the large number of incoherent precipitates. (a) Regular SEM image (b) Backscattered electron
image
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The colored histogram for this sample is present in Figure 5.2.1.3. Again, the loaded
regions show an increase in both theta precipitates and their average size. The shifting
loading device has caused the maximum average size to be on either edge of the
indented region. The maximum average size per bin is smaller than expected due to the
large number of tiny precipitates scattered across the sample, as seen in Figure 5.2.1.1b.
The analysis reveals a highly localized control over the theta precipitates due to the
applied surface pressures, even with a changing loading condition due to deformation
and alignment issues.
Fraction of Max Theta Size

Figure 5.2.1.3: Colored histogram for the rough and shifting sample. The loading, even with a moving
loading device and stress-altering plastic deformation, has been shown to control the precipitate
formation and growth under the indenters. The maximum average size of theta precipitates is 3.56 µm2.
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5.2.2 The Checkerboard Pattern
Stress patterning uses the gradients of the elastic strain energy to direct the diffusion of
copper atoms within the sample. The gradients are largest at the edges of the indenters
where the applied displacements have a discontinuity. To increase the amount of
boundary area within an experimental run, patterns having various checkerboard-like
grid of indenter patterns were tested.
Figure 5.2.2.1 shows the results from one such pattern. The individual squares are 120
µm wide and applied a load of ~41 MPa. This sample was heated at 815 °F for 45
hours, cooled 2 °/hour, and then held at 725 °F for 58 hours. The four squares are joined
at their tips but the center space is free from any direct loading. The precipitate control
is highly localized directly under the applied load. Figure 5.2.2.2, which displays a
magnified view of the pattern, shows the sharp boundary of the Cu control. Figures
5.2.2.3 and 5.2.2.4 show another pattern taken from the same sample. This location
displays a large amount of the taffy-like plastic deformation. Notice that the theta
precipitates are located within the valleys of the deformed surface.
The exact stress state of the system is complex and ever changing. As the theta particles
grow, because they have a larger Young’s Modulus then the bulk Al, the controlling
elastic strain energy field decreases in strength. At the same time the deforming matrix
can shift the interface with the loading device leading to non-steady applied pressures.
Due to the experimental setup and constraints, tracking this behavior (or even
measuring it) is beyond the scope of this project. Detailed information regarding the
pressure analysis that is possible is presented in section 6.1.
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(a)

(b)

Figure 5.2.2.1: The checkerboard pattern. (a) An SEM view of the test location. The lower right
connected tips displays some salt residue. (b) A backscattered image of the star pattern displaying the
high control over the theta precipitates.
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(a)

(b)

Figure 5.2.2.2: A detailed look at the pattern. (a) A regular SEM view. (b) Backscattered image
displaying the theta particles. Notice the precipitates tend to form within the valleys of the plastically
deformed Al.
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(a)

(b)

Figure 5.2.2.3: A second checkerboard pattern. (a) This location shows a large amount of the taffy like
plastic deformation. (b) The control over theta precipitates is again localized to the indenters however
there is also growth within the free center space of the star.
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(a)

(b)

Figure 5.2.2.4: A detailed look at the second pattern. (ta) The high density of precipitates leads to a very
localized deformation of the sample. (b) The precipitates have spread into the star’s center, possibly due
to the increased boundary (and high elastic strain gradients) associated with the center.
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5.2.3 The Two Line Sample
Figure 5.2.3.1 is a stitched image from regular SEM micrographs displaying where two
indenter lines pressed into a sample. The small scale bar represents 100 µm. The
squares are 50 µm wide generating a load of ~84MPa. The heat treatment was 30 hours
at 805 °F, cooling 2 °/hour until 725 °F, and then a final hold for 45 hours. Figure
5.2.3.2 is the backscattered image associated with the sample, while Figure 5.2.3.3 is
the threshold image.

100 µm
Figure 5.2.3.1: A stitched image of two indenter lines. The loading device appears to have pressed cleanly
and evenly into the sample.
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100 µm

Figure 5.2.3.2: The backscattered image of the two lines. The stitched image has been cropped to square
up the image and reduce dead space near the edge (which affects the calculations).

Fe

100 µm
Figure 5.2.3.3: The threshold image associated with the two lines. The assisted line on the right is clearly
seen. The assisted line on the left appears to be missing. Large precipitates and Fe contaminants are also
present.
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The histogram associated with this sample is seen in Figure 5.2.3.4. It reveals some
interesting behavior. The right line has increased precipitate size and number when
compared to the normal background levels. However the left patterned line displays a
very high precipitate count but the average size is small, well below the normal growth
amount. This detail can also be seen in Figure 5.2.1.5 which zooms in on the threshold
image.

50 µm

Figure 5.2.3.5: A magnified look at the threshold image. (left) The left patterned line showing a large
collection of small particles. (right) The right patterned line showing assisted precipitate formation. The
scale is consistent between the images, with the red squares representing the size of an indenter.
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Fraction of Max Theta Size
~ 1.14 µm2

~ 7.14 µm2

~ 2.8 µm2

Figure 5.2.3.4: The colored histogram of the two lines. Both lines show increased theta counts but only the right line also displays an increase in precipitate
size. Bin size has been increased to 20 pixels and the maximum theta size is 17.31 µm2.

This sample is a good example of the uniqueness of every sample. Unfortunately once a
sample has been annealed there is no way to rerun the sample and try the experiment
again. Recasting the material or repeating the long term storage in a solution heat
treatment would not return the copper content or grains to their original location.
Comparing results between samples is also dubious as no two samples will have the
exact loading conditions or initial concentration. At best the experimental results can be
analyzed with reasonable conjectures based on the before and after conditions of the
sample.
The analysis of the results presented by this thesis will be based on two assumptions:
first, that the samples are (nearly) single crystal. The average grain size is known to be
large compared to the indenters. Additionally the grain boundaries tend to be etched a
little during the long anneals due to corrosive attacks from the salt. They also tend to
have an easily visible placement of theta particles tracing out the boundary. Therefore,
each sample will be treated as a single grain except in cases of easily recognizable grain
boundary involvement.
The second assumption is that the samples will have a homogenous distribution of Cu
prior to the annealing treatments. While not every site of every sample was, or viably
could, be tested, due to the high quality samples from Alcoa and the long solution heat
treatment prior to use, every test location of pre-annealed samples showed marginal
fluctuation in the Cu distribution. A high fluctuation in the measured copper content
would be 0.1 at %, which is within the EDS detector limit. Therefore the only variable
between samples is the loading conditions.
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One possible explanation for the odd distribution of theta precipitates within the twoline sample could therefore be an uneven distribution of the applied pressure. The
loading device was patterned with 6 lines of 30 squares. Four of the lines managed to
leave a visible mark, with two of those lines showing some control over the
precipitation process. It would seem reasonable to conclude that the alignment between
the loading device and sample was one such that one end of the pattern carried more of
the load; however it is impossible to state exactly how the pressure was distributed
across the indenters. The average indenter height for that loading device was 3.7 µm
tall. Given the RMS and peak-valley surface roughness values of the Al-Cu samples and
the Ta discs, insuring a completely flat and uniform press across the entire sample is
beyond the equipment ability of the project. It is not uncommon to see only a few lines
within a pattern display any control over the theta precipitates. In general, samples with
a clean indenter press onto the surface of the alloy show a greater chance of directed
copper diffusion. The problem with sample alignment and the pressure distribution
remains one of the largest problems with the current experimental setup. Two methods
developed to address the issue of pressure determination are presented in section 6.1 of
this thesis.
5.3 The Effect of the Quench Rate
The second stage of the heat treatment is the most critical step for the slow cooling
experiments. It is this stage that allows for maximum control over the mobility of the
copper atoms and the formation and directed growth of the theta precipitates. By slowly
cooling the samples from the solvus temperature, the experiment is taking advantage of
the undercooling window to assist the initial nucleation of particles near the loaded
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regions. As the copper content is directed towards either an indenter or an established
precipitate, the overall concentration of the remaining alloy is decreased. This is
especially true for areas immediately adjacent to a controlling loaded region. The
undercooling window for the sample is then shifted to a lower temperature as the local
Cu concentration decreases.
The heat treatments used so far within this thesis have all used 2 °F/hour as a constant
cooling rate. This rate was selected due to the electronic controls of the salt furnace and
to roughly match the annealing times of commercial heat treatments. The ideal cooling
rate would be compositionally dependent and, to insure a long range of influence,
would decrease as the overall temperature was lowered and the diffusion rates
decreased. By selecting a constant cooling rate the experiment provides a greater
assistance to the earliest forming precipitates when compared to those particles forming
at lower temperatures.
As the cooling rate is increased the time available to control the copper diffusion
decreases. Once the sample has reached the lower holding temperature of the heat
treatment the growth of theta precipitates will progress normally. In fact, at the holding
temperature the areas away from the load will form precipitates faster due to the
decreased diffusion rates under the indenters. With a fast enough cooling rate the
control over the copper diffusion will be negligible. At such a fast cooling rate the slow
cooling heat treatment will approach the more traditional quenching process; with
precipitates forming homogeneously across the sample.
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Figures 5.3.1a-c and 5.3.2 displays the effect of increasing the cooling rate. Each
sample was held at 815 °F for 45 hours, cooled to 725 °F, and further held for
approximately 48 hours. Each sample was also loaded under ~73 MPa of surface
pressure. The only difference between each sample’s heat treatment is the cooling rates
which were increased from 2 °F/hour to 18 and finally to 60 °F/hour.

(a)

2°/hour

Figure 5.3.1: Increasing the cooling rate. (a) With the slowest cooling rate of 2°F/hour, this sample shows
great control over the theta precipitation with large particles under the load and small general
precipitation elsewhere due to the final hold.
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(b)

18°/hour

Figure 5.3.1: (b) The quicker cooling rate of 18 °F/hour allows for some precipitate control, but the
annealing time period is not long enough for large particle growth. Areas away from the indenters also
have measurable levels of theta growth.

60°/hour
(c)

Figure 5.3.1: (c) The quench like cooling rate of 1°F/min provides minimal control over this sample.
Precipitates form randomly and without assistance.
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(a)

(b)

(c)

Figure 5.3.2: The threshold images for accelerated cooling samples. (a) 2 °F/hour (b) 18 °F/hour (c) 60
°F/hour. As the cooling rate is increased the control over the theta precipitation is decreased.
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Fraction of Max Theta Size

~ 18.27 µm2

Figure 5.3.3: Histograms for the accelerated cooling. (a) 2 °F/hour. Max Theta size of 45.68 µm2.

Fraction of Max Theta Size
~ 3.82 µm2

Figure 5.3.3 (b) 18 °F/hour. Max Theta size of 18.19 µm2.
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Fraction of Max Theta Size

~ 1.30 µm2

Figure 5.3.3 (c): 60 °F/hour. Max Theta size of 7.21 µm2.

Figure 5.3.3a-c presents the histograms associated with the accelerated cooling samples.
With the slowest cooling rate, the sample in figure 5.3.1a displays the greatest control
over the theta precipitation. Large particles are formed under the load and small
precipitates form away from the indenters once the final hold is reached. Increasing the
cooling rate, in figure 5.3.1b, allows for some control over the copper but not enough
time for large precipitates to form. Additionally the areas away from the load have
started to show general precipitation of increasingly larger size. Once the cooling rate is
increased to the maximum allowing rate of the salt furnace, figure 5.3.1c, the control
over the copper diffusion is lost. There does seem to be some control remaining over the
nucleation process, as the indenting areas still retain a relatively high amount of
precipitates. However, the size of these precipitates are very small and do not rise above
the background levels.
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Once the initial undercooling window has been breached the heat treatment allows for
general precipitation. The slow cooling process assists the particles near the load (both
by reducing the diffusion rates and directing their mobility towards the indenters) but
does not hinder the precipitates away from the indenters. At that point the process
becomes a balancing act between continued growth of the assisted particles and
allowing extra time for theta formation away from the load. This balance may be tipped
into the indenters’ favor by increasing the initial cooling time before lowering the
temperature beyond the undercooling window. In other words, the critical period in the
slow cooling process is those temperatures closest to the solvus line.
5.3.1 Other Possible Heat Treatments
As presented in section 5.3, the rate of cooling during the heat treatment will select the
controlling factor for the precipitate formation and growth: either the directed mobility
from the elastic strain energy fields or the reduced diffusion from the compressed lattice
and the increase in activation volume energy costs. The slow cooling process is
designed to provide maximum control over the diffusing copper by prolonging the
directed mobility. This leads to large particles under the loaded regions with smaller
precipitates away from the indenters.
The other extreme in control is also possible by applying a quench to the sample rather
then slowly cooling into the two phase region. Once the sample has reached an
annealing temperature the nucleation and growth of precipitates will progress normally
in an effort to reduce the local Gibbs free energy. Areas loaded under the surface
pressures will experience slow diffusion rates compared to areas away from the
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indenters. The theta particles (or any metastable precipitates) will first form away from
the loads as those regions represented the highest mobility of the diffusion copper. The
copper diffusion is still directed toward the indenters, but without the early assistance
provided via the undercooling window through the slow cooling process those loaded
regions will constantly be playing catch-up in the race to form and ripen any stable
precipitates. The final microstructure will have small (or no) theta particles under the
loads with normal precipitation taken place away from the indenters – the exact
opposite condition achievable with the slow cooling heat treatment.
Figure 5.3.1.1a-c and 5.3.1.2a-c present examples of a sample having undergone such a
fast quench heat treatment. For both cases the samples were loaded under ~50.6 MPa of
pressure using 14 µm solid lines. They were place into the furnace directly at 250 °C
and left to anneal for 3 days. Figure 5.3.1.1 shows the end of a line while Figure 5.3.1.2
presents a middle section of the loading device. In both cases the formation and growth
of precipitates under the loaded regions is reduced. Because the growth away from the
loads proceeds normally (neither assisted nor hindered by the applied pressures) there is
a uniformity to the precipitate sizes across the sample.
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Figure 5.3.1.1 : The fast quench sample. (a) The backscattered image displaying the lack of precipitate
formation and growth under the loaded regions.

Figure 5.3.1.1 (b) The threshold image corresponding to the end of the loading device.
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Fraction of Max Theta Size (.0214 µm2)

Figure 5.3.1.1 (c) The histogram of theta precipitates for the fast quench sample. Outside of the indent the
precipitate growth is neither assisted nor hindered leading to a uniform precipitate size across the sample.

Figure 5.3.1.2: Another fast quench example (a) The backscattered image displaying precipitate control at
the middle of the loading pattern
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Figure 5.3.1.2 (b) The threshold image. The indented region can be seen near the center of the image. It
lacks any sizable preciptiataes.

Fraction of Max Theta Size (.024 µm2)

Figure 5.3.1.2 (c) The histogram corresponding to the fast quench sample. The normal precipitation leads
to relatively even particle counts and sizes in areas of the sample outside of the loaded region.
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5.4 The Controlling Pressure: Mid-Anneal Samples
It is the applied pressures that both reduce the diffusion rates and alter the directionality
of the mobility of the copper atoms. Higher loads create a larger elastic strain energy
field and require more activation volume for successful diffusion which leads to greater
control over the theta precipitates. To ensure good patterning of the alloy samples, the
experiments presented within this thesis have maximized the allowable loads within the
salt furnace. This was achieved by using the largest deadweights with the smallest
loading devices. The heavy loads, along with the softening of the samples at high
temperatures, created plastic deformation along the alloy surface, i.e. the indents seen in
the presented examples. From an industrial application standpoint the surface defects
could be an issue, however from an experimental viewpoint they are beneficial as they
provide an indication of where the loading device made contact with the sample without
the need of a complex setup or detection system. Furthermore, the application of both
extreme pressures and long heat treatments generates conditions of maximum control
over the copper diffusion. This leads to larger precipitates and a more distinct patterning
of the microstructure and allows for SEM analysis rather than the more involved TEM
analysis of smaller precipitates.
In order to completely establish how the applied pressures affect the precipitate
formation and growth the experiment requires a method of investigating samples during
the heat treatment. The complexities of the alignment cages prohibit pulling a sample
during a run, investigating the precipitation, and reinserting the sample into the furnace
with the same loading conditions. Therefore multiple samples were tested under the
same loading conditions and heat treatments, with different samples pulled from the
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furnace at different points along the process. While not providing an absolute certainty
of the controlling pressures, the near uniformity of the samples prior to the heat
treatments do provide some insight into the process.
The samples were loaded under ~91 MPa by 55 µm square loading devices. The heat
treatment was 15 hours at 805 °F before cooling 2 °F/hour to 725 °F. Samples were
pulled after 48 hours (12 hours before the end of the cooling step), 60 hours (just at the
end of the cooling), and 75 hours (15 hours into the final holding temperature). Figure
5.4.1 displays the heat treatment profile.

(A) (B) (C)

Figure 5.4.1: The heat treatment profile for the mid-anneal samples
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The threshold images are shown in Figure 5.4.2a-c. The sample pulled during the
cooling stage (a) displays a large number of small particles just under the loading area
with negligible precipitation away from the indenters. This is consistent with the theory
of assisted growth forming particles under the load before general precipitation can
occur. The next sample pulled was just at the end of the cooling step (b). This sample
displays an increase in particle size under the indenter with precipitate sizes decreasing
away from the loaded region. As the sample has now left the undercooling window,
normal precipitation can occur as the copper is directed towards the indenter. The last
sample pulled (c) experienced 15 hours of the lower holding temperature in order to
further increase the precipitate size. That sample displays the microstructure common to
successful controlled diffusion; namely large theta precipitates under the indenters,
good localization near the load, and general precipitation far from the applied pressures.
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(a) – 48 hours

100 µm

(b) – 60 hours

400 µm

(c) – 75 hours

300 µm

Figure 5.4.2: Mid-anneal samples (a) Pulled during the cooling step, this sample displays a large number
of small particles under the loaded regions with negligible precipitate formation away from the indenters.
(b) Pulled just at the end of the cooling stage, this sample displays an increase of particles size. With the
sample now beyond the nominal undercooling window the general formation of precipitates away from
the load has occurred. (c): Pulled after the complete heat treatment, this sample displays the standard
properties of a slow cooled sample – large theta particles patterned from the loads with general
precipitation away from the indenters.

The histograms for these figures are presented in Figure 5.4.3a-c. For these plots the
coloring has been normalized to 23.97 µm2. The histogram corresponding to the sample
pulled during the cooling stage (a) presents small particles under the load with an
increase of ~2.5 times the background level of precipitation. This is consistent with the
81

initial precipitate formation outside of the undercooling window. As the cooling stage
of the heat treatment is allowed to finish (b), the particles are increasing is size while
the relative background densities near the indenter are also increasing. In other words
the sample is experience standard Oswald ripening as the copper is directed towards the
loaded regions. The final sample (c) has undergone the complete heat treatment and
presents a standard slow cooling distribution: large precipitates across the entire
indented regions with smaller particles away from the load and a large difference (~3.75
times) between the peak and the background level of precipitation.

Fraction of Max Theta Size

~ 13-14.5 µm2

~ 2.5 X

Figure 5.4.3: Histograms for mid-anneal samples. (a) The earliest pulled sample displays many small
particles under the load with a few large, initial precipitates on the edge of the loaded region.
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Fraction of Max Theta Size
~ 19 µm2

Figure 5.4.2 (b): The sample pulled just at the end of the cooling stage displays a directed increase in both
precipitate size and number towards to indenters. The applied pressure fields are controlling the copper
diffusion.

Fraction of Max Theta Size

~ 21-23 µm2

~ 3.75 X

Figure 5.4.2 (c): The sample having experienced the full slow cooling heat treatment displays a few large
theta particles across the indented region. The general shape mimics that of figure 5.4.2a, however the
particle count is lower indication larger theta precipitates.
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5.5 The Lack of Subsurface Precipitate Control
In the Al-Cu alloy system the reduction in Gibbs free energy due to the formation of
(meta) stable precipitates is large enough to offset the increased energy costs associated
with the new interface of those particles. Once enough copper has gathered within a
region, the system will convert itself from copper-rich bulk saturated aluminum into a
theta precipitate. This general precipitation can be seen in Figure 5.5.1. Representing a
sample which was annealed at 300 °C for 3 days, the photo shows the cross sectional
area directly beneath the free polished surface of the sample. The theta particles (in
white) are seen to form evenly beneath the surface. The increased roughness of the cut
surface and the darker contaminants scattered along the polished surface are byproducts of the milling process performed by a focused ion beam of Gallium ions used
to make the cut.

Figure 5.5.1: Sub-surface general precipitation. Using a focused beam of Gallium ions, this cross section
shows theta particles forming in an even distribution beneath the polished surface.
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Unfortunately this drive to form particles overshadows the pressure effects of the stressassisted anneals. Figure 5.5.2 presents a sample having undergone a fast quench heat
treatment at 250 °C for 3 days under ~87.7 MPa by a 14 µm wide device. The cross
section cut shows that theta particles form beneath both the loaded surface which is free
of particles as well as the unloaded regions which has general precipitation. While the
elastic strain energy can direct the diffusion of copper towards the loaded regions, it
will not supersede the drive to lower the local Gibbs free energy by forming theta
particles. As soon as the copper concentration allows, the precipitates will form and
lock themselves into the matrix. The general precipitation of particles compete for the
local collection of the remaining diffusing copper and mask the long-range control
process from the applied pressure. The control over the precipitation therefore appears
to be limited to the outer surface of the alloy samples.

Figure 5.5.2: Lack of sub-surface precipitate control. The outer surface of this fast quench sample
displays areas of control over the theta particles. However, the drive to form particles overshadows this
control once general precipitation has started.
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Figure 5.5.3 presents a plot of the Gibbs free energy versus copper concentration at 690
K, just beneath the solubility line for the Al-Cu samples, and 105 Pa of pressure, or 1
atmosphere. This plot was generated using Thermo-Calc, a commercial software
employing the CALPHAD database of thermodynamic properties [17,73]. The plot
shows the Gibbs free energy for bulk FCC aluminum (in green), the theta precipitate (in
blue), and other possible material states for the Al-Cu system. The total change in Gibbs
free energy between FCC Al, at 0 J/mol, and the theta precipitate is ~13750 J/mol. This
represents the drive for particle nucleation as the copper diffuses through the lattice.
Using a molar mass of 65.7648 gram/mol along with the measured [24] and calculated
[31] density of pure theta of 4.37 gram/cm3, this Gibbs free energy value converts to
~0.9 GPa per unit volume.

Figure 5.5.3: Gibbs free energy vs. mole fraction of copper
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The stress assisted diffusion is only altering the Gibbs free energy with the addition of
the elastic strain energy. Using an applied pressure of 100 MPa and Young’s Moduls
for aluminum of 70 GPa representing common experimental conditions, the maximum
elastic strain energy density is ~ 15873 Pa. This is approximately 57.5 thousand times
smaller than the reduction in Gibbs free energy that is possible by the formation of theta
precipitates. In other words, the stress assisted diffusion process cannot stop the
formation of particles.
The theoretical aspect of the stress-anneals does suggest that the diffusion control
should extend beneath the loaded regions. A fully miscible alloy system, like Cu-Ni,
that does not form precipitates could represent an ideal test case. The lack of a large
decrease in Gibbs free energy associated with forming particles could allow for a
greater long-range display of the stress directed diffusion process.
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Chapter Six – Experimental Considerations and Discussion
6.1 Pressure Determination
To determine the effects of modulated surface pressures on precipitate control requires
knowledge of the actual applied loads. However due to experimental constraints and the
nature of the furnace environment, the loads cannot be measured directly. Instead,
calculations are performed to estimate the local loading of samples during an
experimental run. The pressure calculations are performed by two methods. First, an
expected applied pressure that accounts for any surface roughness, asperity contacts,
and the buoyancy force of the salt is calculated. Second, the expected value is then
validated by comparing it to the required pressure needed to generate the plastic
deformation seen on post-processed samples.
6.1.1 Expected Pressure - Surface Roughness and Buoyancy
When two surfaces are brought into contact the highest locations on their surfaces (the
asperities) will touch first. Representing just a small fraction of the total nominal area,
the asperities often plastically deform under the large compressive stresses generated by
any applied loads. By treating a surface as a series of asperities built upon each other,
i.e. Archard’s “protuberance upon protuberance” model [2], the plastically deformed
peaks can be traced down to larger asperities until a surface contact area large enough to
elastically support the load is reached. Following the work of Jackson and Streator [36],
the true area of expected contact is calculated using a multi-scale asperity model
involving an iterative frequency analysis of the polished surfaces leading to a minimum
contacting surface area.
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A simple fast Fourier transform (FFT) is applied to surface topography data from AFM
scans of both polished Al-Cu and loading devices to generate values of asperity density
and their radius of curvature or wavelength. This data is then used to build an idealized
contact surface with smaller, high frequency, shorter wavelength asperities being built
upon larger, low frequency, longer wavelength asperities, as seen in Figure 6.1.1.1.
Starting at the lowest frequency, a nominal load is applied to the asperities and any
deformation is found through an applicable model (e.g. Hertz [81], Jackson and Green
[35], etc…). The next level of smaller asperities is then built upon the deformed surface
and the process is repeated. With each successive layer carrying the same nominal load,
this analysis leads to the smallest active area or the highest applied pressures.

True Surface

Idealized Surface
Figure 6.1.1.1: Idealized asperity surface. AFM scans are used to generate topographic data on the
polished surfaces. This data is then used to build up an idealized surface of smaller asperities stacked on
top of larger asperities.
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Analysis of a typical polished Al-Cu surface contacting a Ti loading device under 3 N
of force (~300 gram dead weight) is presented in Figure 6.1.1.2. Classical Hertz theory
of elastic asperity contact was employed as well as two models allowing for plastic
deformation of the asperities: the Jackson and Green modified Hertz theory and the
Johnson, Greenwood, and Higginson (JGH) model [36]. In all cases the fractional
contact area reaches a steady value within the first few asperity frequencies. This is a
by-product of the polished nature of the samples (e.g. lower density of high frequency
asperities) and the plastic deformation of the asperities as they reduce in size. The true
contact area of the polished surfaces was found to be roughly 8% of the nominal area.
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Figure 6.1.1.2: Fractional expected contact area due to asperity deformation. The first few, long
wavelength asperities carry the entire load. The actual contact area is approximately 8% of the nominal
area.
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The reduced contact area needs to be coupled with the buoyancy force of the salt on the
dead weights in order to find the expected applied pressures. Park Metallurgical was
able to supply a single value of the salt’s density at a working temperature, 1.842 g/cm3
at 398 °C. Because the heat treatments span a large range of temperatures, further
experiments were performed to generate salt density data. A quartz rod 1.430±5 inches
in length with a diameter of .745±5 inches and weighing 22.912±5 grams was directly
suspended from a Denver Instrument MXX-123 tabletop digital scale by a thin copper
wire cage into a test crucible of salt. Five different measurements of the rod’s weight
were performed at nine different temperatures over the working range of the salt. The
weight measurements were converted into salt densities using Archimedes’s Principle.
Figure 6.1.1.3 presents these calculated density values along with the quoted spec.
1.95

Salt Density (gram/cm3)

1.9

1.85

1.8

1.75

1.7
225

250

275

300

325

350

375

400

425

450

475

Salt Temperature (°C)
Figure 6.1.1.3: Salt density measurements. Experimental values, with error bars dependent on the
physical measurements of length and mass, are blue diamonds. The quoted spec with 5% error bars is in
purple.
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Using average measured values for the density of the steel dead weights and the
measured values of salt density, a reduction in applied loads due to the buoyancy force
is found to be roughly 21%. This is coupled with the 92% decrease in contacting area
due to the surface roughness to generate expected pressures of approximately 9.6 times
higher than nominal. Therefore, all quoted experimental pressures are simply 9.6 times
the average dead weight force divided by the total area of indenters on a loading device
prior to use.
6.1.2 Required Pressure – Plastic Deformation
During the heat treatment the polished samples are plastically deformed by the loading
device. The loading devices, having been fabricated to closely match an ideal flat punch
with sharp sidewalls, apply a known displacement to the surface of the samples. This
displacement can be coupled with the material properties of the sample to calculate the
applied pressures needed to generate the plastic deformation.
Post analysis of the applied pressure is achieved via a surface contact program closely
following the work of Dickrell and Hamilton [15]. The program was initially coded by
Graham Wabiszewski at the University of Pennsylvania; however certain subroutines
were modified for the present work, specifically those involving the redistribution of
material during plastic deformation. The program calculates loads from displacement
and surface hardness values and can be thought of as a hardness test run in reverse. The
finite element based program also employees AFM scans of the polished surfaces. The
discretized surfaces are brought into contact through an increasing amount of static
displacement. At each iteration the patches of surface in contact are found and their
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linear elastic response is subtracted from the total displacement [78]. Any remaining
material is treated as plastic deformation and is redistributed to the nearest neighbors of
the contact patch. As the surfaces are further displaced the amount of plastic material
requiring redistribution increases and the contacting areas increase in size. This process
is iterated until displacement conditions matching those generated by the physical
intenders punching into the softer samples are met. Surface hardness values are then
coupled with the calculated area of contact to establish the required loads. Pressure
results from this analysis are within 15% of the calculated expected pressures from the
multi-scale asperity model presented in the previous section. The two methods combine
to give a reasonable estimate of the actual applied pressures during the heat treatments.
6.1.3 Issues with Pressure Values
It should be noted that either method of calculating the applied pressure is not without
inaccuracies. Both use book values for density, surface hardness, Young’s modulus,
Poisson’s ratio, and other physical parameters rather than directly measured material
properties of the samples. Both methods also have an inherent amount of ambiguity in
their data sets. AFM scans are able to give high topographic detail but only over ranges
of ~100 microns on a sample size of a half inch. Furthermore, the scans themselves
have no true alignment when they are analyzed. There is no correct way to orient the
surfaces to each other before contact is made, so the same data sets can generate slightly
different values based on how they are aligned to each other. The largest complication
to the calculations, however, is the general irregularities in the loading devices
themselves. With each pattern having possibly multiple hundreds of unique indenters,
assuming that each indenter is exactly uniform and that the ensemble of indenters is
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pressed into the sample cleanly is foolhardy at best. Random squares of photoresist have
been known to prematurely fail during the acid etching process, which leads to rougher
and smaller indenters. At the same time the Ti and Ta discs themselves are machine cut
and polished, so while the peak-to-valley roughness measurements are low, they are
non-zero. The non-uniformity of the loading devices, coupled with any off-axis loading
due to hand placement of samples within the furnace, and the pressure analysis quickly
becomes complicated and beyond the ability to totally control.
Therefore it should be plainly stated: the pressure calculations are highly precise but
they may not be accurate. The calculated pressure values are above experimentally
measured high temperature yield strengths of aluminum [33], which agrees well with
the plastic deformation seen on the samples. However, other than being on the correct
side of the elastic-plastic transition, the accuracy of the applied pressures remains in
question and further experimental progress is required.
6.2 The Salt Medium
The initial experiments of the project were performed in open-air muffle furnaces.
These furnaces are capable of heating a large number of samples at the same time and
their heating responses are reasonably quick. However the lack of atmospheric control
led to oxidation of the polished Al surfaces and the loading devices. The growth of
alumina complicated the post analysis of the chemical composition of the samples as
well as changed the stress state experienced by the samples during the anneals. The
experiments were therefore moved to a vacuum furnace.
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Backed by a diffusion pump, the vacuum furnace solved the oxidation issue. However
the slow heating and cooling rates associated with the radiation nature of the furnace
limited the possible heat treatments, especially the quick quenches involved in bypassing certain precipitate growth areas of the Al-Cu phase diagram. The furnace also
experienced contamination issues from the pump oil and due to the small heating zone
could only run a single sample at a time. For these reasons the experiments were
ultimately moved to a salt furnace.
As previously mentioned, the salt furnace provides an environment that is (nearly) free
of oxidation, has direct thermal contact with the samples, and provides fast and
controllable heating and cooling rates. However, the salt medium is a chemically active
liquid environment which leads to certain specific problems: pitting and passivation.
6.2.1 Pitting
The anneals involved with the slow cooling process are performed at higher
temperatures and require longer holding times than those seen in traditional industrial
heat treatments. The corrosive nature of the salt medium will therefore interfere with the
directed diffusion and steps must be taken to minimize its effects. During operations
under normal atmosphere, the pH of the salt will gradually increase over time [63].
Fresh salt is nearly neutral with a pH just over 7 but with time the aged salt becomes
more basic, with pH of 10 or more not uncommon. The increased pH leads to pitting
along the surface of the Al-Cu alloys, as seen in Figure 6.2.1.1. While copper itself is
nobler then aluminum, areas of increased copper content, i.e. the theta precipitates,
represent sites of dissimilar metals in contact and are susceptible to galvanic attack [4].
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However, the random nature of the pitting due to minor compositional changes, surface
roughness, and the electrochemical nature of the salt inhibits forming any generalities
linking sites of increased pitting to sites of increased precipitate formation and growth.
The inability to accurately state the cause of each pit site is a vast hindrance to the post
analysis of samples; especially because many of the larger pits seem to form at sites
where copper is directed. This would suggest, but not prove, that the pressure assisted
diffusion is working better than presented and that shorter holds (possibility leading to
less pitting) should be employed. To minimize the pitting issue the pH of the salt
medium should be regularly checked and the salt replaced if pitting rises above
acceptable levels. The use of the submerged current source has not been shown to
adversely reduce the working lifetime of the salt or increase its pH value.

Figure 6.2.1.1: Pitting corrosion of processed samples from extended exposure to the salt environment.
Surface pits (in gray and black) distract from the analysis of theta precipitation formation and growth (in
white). Shorter, cooler heat treatments and furnace monitoring help to reduce this issue.

96

6.2.2 Passivation
Figure 6.2.2.1 presents a sample displaying a chemical interaction with the salt medium
leading to the formation of passive particles on the alloy surface. These particles block
the analysis of the samples, appear to kill off the theta precipitation in general, and
represent the greatest single issue associated with the long term slow cooling heat
treatments. This sample was loaded under ~110MPa of pressure through Ta indenters
55 µm square. After 15 hours at 805 °F, the sample was cooled 2 °/hour until 725 °F at
which point it was held for 37 hours. All six of the patterned lines pressed into the
sample during this experimental run; however all of the lines also experienced the salt
particles.
Typically these salt-based particles are facilitated by the dissociation of nitrides with the
negligible, but non-zero, level of O2 gas within the salt to form stable particles
[32,22,60]. X-ray chemical analysis performed on the particles show them to be ~50%
oxygen, ~49% sodium (from the salt nitride), and ~1% either Ta or Ti from the loading
devices themselves. The corrosive properties of the salt restrict both the material
choices for study and the length of acceptable heat treatments [61,67,37]. Furthermore
these effects are magnified at the higher temperatures and longer annealing time periods
associated with the slow cooling experiment [42,88].
The particles themselves can take many forms and often will change appearance
depending on the storage conditions of the samples as the humidity and oxygen in air
allows for continued growth. The salt particles could be individually scattered across
the alloy surface (making identification of any theta precipitates complicated) or they
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can form a swath or coating along the surface (as in Figure 5.2.3.1) preventing any
analysis. The salt coatings have been thick enough to block the x-ray signal from any
theta precipitates within the samples. In thinner coatings, where Al x-rays are still
detected, the chemical formation of the salt particles or their interaction with the Al-Cu
alloys appears to completely stop the formation of theta precipitates.
A

B

Θ precipitates

Field of salt particles

Figure 6.2.2.1: Detailed look at the salt particles. (a) A basic SEM image. A field of salt particles is active
below the grain boundary crossing the patterned line. (b) The backscattered electron image. The theta
precipitates are overshadowed by the passive salt particles. It is unclear if the salt stops the formation of
precipitates or simply blocks their signal. Large salt particles can appear as theta precipitates, forcing a
more detailed analysis of the samples
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Salt particles from titanium sources form at lower temperature and lower applied
pressures compared to particles generated from the tantalum discs. Additionally, the Ti
based particles seem to transfer to the alloy samples at a higher rate than Ta based
particles; with the Ta particles tending to roughen up the loading device surface before
moving to the alloy.
6.2.3 Stopping the Passivation Process
Figure 6.2.3.1 displays particles from a titanium loading device that have been scattered
onto the surface of an Al-Cu sample during a slow cooling anneal performed without a
biasing voltage or sacrificial element. To reduce the formation of the contaminating
particles, an applied biasing voltage (established through a sacrificial Cu-Ni element) is
used to alter the electrochemical nature of the salt furnace.

.
Figure 6.2.3.1: SEM micrograph of an Al-Cu sample obscured by surface contamination. The square
contact regions between the alloy sample and loading device in the center of the image are surrounded by
passive particles generated from the salt medium. Electrically biasing the liquid salt with a negative
voltage greatly reduces the formation of the particles.
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Pourbaix diagrams for titanium and tantalum are presented in Figure 6.2.3.2 from [69].
The diagrams plot areas of immunity, passivation, and corrosion of the metals across
various pH and applied electrical potentials while the material is submerged in a liquid
solution. Immunity is define as any combination of pH and electric potential that
generates a dissolution concentration under 10-6 gram-atom of soluble ion per liter of
solution, i.e. combinations that place the sample surface into an electrochemically stable
environment. Corrosion is therefore any combination of pH and electric potential that
generates an unstable surface and leads to dissociation of the material. To reduce or stop
the corrosion process the surface may form a protective film, known as passivation. The
film may provide total immunity from the corrosion process (e.g. oxide films on Al) or
only partial protection (e.g. oxide films on Cu) depending on the porous nature of the
film. Figure 6.2.2.2 displays the most sable films for many possible combination of pH
and applied electric potentials.
Typically the aqueous solution used in Pourbaix diagrams is sodium-chloride based,
however the accepted approach (in the absence of conflicting data) is to use these plots
for other liquid mediums so long as the aqueous solution does not contain substances
that will form soluble complexes with the metal or salts, i.e. free of cyanides and
phosphates. For either metal and for the complete range of pH experienced by the salt,
an application of -2V to the protected sample (relative to the sacrificial element) is
enough to stop passive particles from forming.
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Figure 6.2.3.2: Pourbaix diagrams of Ti (left) and Ta (right), from [69]. An application of -2V is enough to stabilize the loading devices against attack.

The plots only present a relative electro-potential difference that needs to be provided
but they grant no insight into any absolute voltage the samples should experience.
Additionally the experimental setup involves multiple metals in direct contact with each
other as well as the salt, suggesting that electro-migration is a possibility. In fact, in
anneals where the system was biased with a positive voltage (relative to ground) the
aluminum tended to migrate onto the loading devices, as seen in Figure 6.2.3.3.
Obviously this hindered any further analysis of the samples or the diffusion process.
Biasing the salt and sacrificial element with negative voltage against a ground not only
limits particle formation but does not allow for migration.
Due to the placement of the steel dead weights within the alignment cages and quartz
tubes, attempts to create a protective galvanic cell between the steel dead weights and
the Cu-Ni element often led to electrical short circuits. When shorted, the disruption in
the planned electrochemical protection establishes electrodeposition conditions between
the steel pieces and the Cu-Ni element. This led to material removal from the passivated
surface surrounding both the dead weights and alignment cages which contaminated the
salt medium, requiring a total replacement of the salt. Greater success was achieved by
biasing the salt itself against the sacrificial element. A schematic of the setup is
presented in Figure 6.2.2.4. This creates a Daniell cell between the Al-Cu samples,
loading devices, and steel alignment cages against the Cu-Ni sacrificial element. If the
cell is not electrically separated from the steel shell of the furnace it is also possible to
establish electrodeposition conditions, however the simplified nature of the Daniell cell
makes it easier to guard against such an accidental contact.
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Ta
loading
device

Al

Figure 6.2.3.3: Aluminum migration onto a Ta loading device. With an application of -2V, during the
long anneal the current supplied through the salt assisted the diffusion of aluminum onto the device
surface
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Galvanic Cell

Daniell Cell

Figure 6.2.3.4: Schematic of the electrochemical protection. (a) The complicated but direct protection of a
galvanic cell (b) The simple but indirect protection of a Daniell cell
.

6.3 Electron and X-ray Analysis
6.3.1 X-ray Crystallography
Higher applied surface pressures facilitate a greater control over the diffusion of copper
atoms within the samples, both in slowing and in directing the diffusion in areas near
the indenters. However, greater loads also lead to larger plastic deformation of the
polished surfaces. From an industrial application view point, leaving a clean surface
could be beneficial by reducing any additional processing steps. Early within the thesis
work, an effort was made to limit the plastic deformation experienced by the samples.
These experiments led to mixed and confusing results. Samples having gone through
the same heat treatments with the same pressure load would often display dissimilar
results. Some samples would be plastically deformed by the indenters while other
would not. Some samples would show a level of control over the copper diffusion while
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other samples presented random precipitate formation. There seemed to be no clear
pattern or reason for these results.
Al-Cu samples, both pre and post anneal, were analyzed by simple x-ray
crystallography (XRD) on a Rigaku D/Max-B powder diffractometer. The Al displayed
(111) and (200) peaks, as presented in Figures 6.3.1.1. The samples were not crushed
into a powder form for testing but rather were left as large flat pieces. Therefore an
exact ratio of the different possible grains is not applicable. However, in general it is
accurate to state that a sample with a larger (111) peak will have more (111) grains than
(200) grains. An investigation into the Al-Cu samples showed that many of the solution
heat treated samples had high (111) grain orientation but a few, roughly 10% of all
samples, were predominantly (200). The elastic anisotropy of the active surfaces across
the different samples certainly factors into their different responses to the same loading
and heating conditions, both in their diffusion costs and their elastic/plastic response to
the pressure loading. Checking sample orientation before each anneal would be
inefficient. It was therefore decided to increase the applied pressures to maximum
experimentally allowed values and use the heat treatments as the main controlling
variable.
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Figure 6.3.1.1: XRD diffraction peaks of an Al-Cu sample. (a) The scan of Al showing a (111) peak at
~38° and a large (200) peak at ~44°. (b) This scan displays the more common sample condition of a large
(111) peak compared to the smaller (200) peaks. (c) Possible system peaks due to other elements and
precipitates used to rule out false identification of the main Al grain orientation.
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6.3.2 Backscattered Electron Images
Standard images taken in a scanning electron microscope (SEM) are generated from
secondary electrons (SE). These electrons experience multiple inelastic collisions within
the sample. Because of their low energy levels they are have a shallow escape depth and
yield topographic information about the sample. The scattering of SE had less
dependence on atomic number and therefore SE images display little chemical
information.
In order to clearly display the theta precipitates and the effect of the pressure assisted
diffusion, the use of images generated from backscattered electrons (BSE) has been
employed. These electrons undergo multiple elastic scattering events within the sample.
The angular deflections associated with the elastic collisions allow BSE to generate
information deeper from within the samples. The deflection angles, and therefore BSE
generation amounts, are strongly dependent on the atomic number of the sample as it
interacts with the beam of incident electrons. Reuter has curve fit experimental data of
backscattering coefficients (η) for multiple pure samples based on their atomic number
(Z), leading to the following expression [29]
Y  "0.0254 : 0.016^ " 1.86 ∗ 10K, ^ 8 : 8.3 ∗ 10Ka ^ /
Using this equation, pure aluminum has a backscattering coefficient of 0.15299 and
copper has a coefficient of 0.3024. During image collection the SEM was set to
maximize the brightness of images and to spread the contrast across the complete
spectrum. Assuming that the total signal of the BSE images is generated solely from Al
and Cu, pixels generated from Cu rich areas (which have a larger BSE coefficient)
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would maximize the detector signal while Al rich areas would be at roughly 50%
strength. Pixels generated from theta precipitates, having two aluminum atoms for every
copper atom, would generate a signal of ~ 67%. Therefore, for a digital black and white
image whose intensity can span 256 shade levels, anything over 170 should represent a
theta precipitate and not the bulk Al matrix.
In order to clearly show the effect of pressure assisted diffusion, all of the BSE images
presented in this thesis have been subjected to a threshold analysis. An intensity value
of 180 was chosen as the cut-off, with pixels below 180 set to 0 and anything above that
value set to 1. This allows for precipitates (and possibly other high intensity generating
contaminates) to be numerically handled. The selection of 180, other than fulfilling the
170 requirement discussed above, is arbitrary and was made after viewing a handful of
images at different threshold levels. This value will directly affect the calculations of
precipitate size and location, albeit extremely weakly due to the binary nature of the
samples and images. The general trend of pressure assisted diffusion remains
unchanged by the selection of a threshold value.
6.3.3 EBSD and EDS Analysis
The BSE images are able to present areas of high compositional change but are unable
to uniquely identify any precipitates. The applied heat treatments should be forming
copper rich theta precipitates of Al2Cu. In order to confirm this assumption the samples
have undergone both energy dispersive spectroscopy (EDS) and electron backscatter
diffraction pattern (EBSD) analysis which respectively provides chemical and structural
information.
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EDS analysis was performed at the PRNF on both a JEOL 6400 and a 7500 SEM. In
EDS analysis characteristic x-rays are generated from within the sample due to inelastic
collisions between the incident beam electrons and the atoms of the sample. The x-rays
are detected by a Si(Li) single crystal. X-rays striking the detector produce electronhole pairs. The energy of these pairs is used to uniquely identify the atom which
produced the x-ray and generate a spectrum of chemical information about the sample.
Due to the large interaction volume of the x-rays within the sample (~5 microns)
compared to the size of the precipitates, as well as the additional processing steps
required to generate quantitative data based on standards, EDS scans were only used to
identify areas of high or low copper content.

Figure 6.3.3.1: Left: A mapping of Al-Cu. X-rays generated from copper are displayed in red while
oxygen x-rays are shown in green. The white particles suspected as theta precipitates from BSE images
are rich in copper. Right: the total spectrum for the mapping. Other than oxygen (from the native Al
oxide) the samples are free from any major contaminates.

An x-ray mapping and the corresponding spectrum of a typical sample is shown in
Figure 6.3.3.1. The image clearly displays the white particles, i.e. those with high signal
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intensity, as being rich in copper compared to the bulk Al matrix. The total spectrum
also displays a lack of additional elements or contaminates present in the samples. A
large portion of the work presented in this thesis uses the combined qualitative analysis
from BSE image and EDS scans to label successful samples and to plan heat treatments.
To provide structural or lattice information, EBSD analysis was also performed on the
samples. The EBSD data was generated at Lehigh University’s Nanocharacterization
Laboratory on a Hitachi 4300 field emission SEM. During an EBSD scan the sample is
tilted to a high angle relative to the electron beam. Electrons interacting with the sample
can therefore experience multiple diffusive scattering events before leaving the sample
to strike a phosphorus coated detector. Due to Bragg scattering, the lattice planes
generate a strong signal on the detector and produce a specific network of lines known
as a Kikuchi pattern. The orientation of the lines will identify a crystal family and the
width of the lines identifies the specific chemical lattice [16,76].
Test locations of Al-Cu post-annealed samples and their corresponding Kikuchi patterns
are shown in Figure 6.3.3.2. Due to the high angle of tilt involved with the data
collection and the low energy level of scattered electron, EBSD analysis generates data
at the beam location only with minimal penetration depth. The pin-point analysis was
used to positively identify the copper rich white particles as theta precipitates.

110

B

C

D

E

F

111

A

Figure 6.3.3.2: EBSD scan data: (a)The testing site shown by the green dot, (b) detector intensity lines, (c) and the responding Kikuchi pattern from a theta
precipitate. Images from a second theta site is also shown (d-f). Figure F also displays the calculated lattice planes from the pattern.

Chapter Seven – Conclusions and Recommendations
This dissertation has presented an innovative processing technique that employs
localized surface pressures to control the diffusion of copper within the aluminum rich
Al-Cu alloy system. This control was successfully used to pattern the nucleation
location of theta precipitates and to alter their growth rates.
The applied pressures affect both the rate and directionality of the atomic diffusion in
regions close to the loaded surfaces. The control over growth rates is achieved by
altering the enthalpic energy required for successful diffusion between lattice sites.
Changes in the local chemical free energy required to direct the diffusion of atoms are
established by introducing a non-uniform elastic strain energy field within the samples
created by the patterned surface pressures. Either diffusion rates or directionality can be
selected as the dominating control process by varying the quench rate; with slower
quenches having greater control over the mobility of the alloying elements. Results
have shown control of Al2Cu precipitation over 100 microns on mechanically polished
surfaces
Along with the unique loading conditions used to control the copper diffusion, the
experiment has also introduced distinctive heat treatments designed to take advantage of
the directed diffusion. By slowly cooling the pressure-loaded samples across the solvus
region, the undercooling window will dictate which locations on the sample will form
stable precipitates within a timely manner. The influence of the undercooling window is
coupled with the directed copper concentrations to accelerate the possible patterning of
the microstructures and to intensify the changes between loaded and unloaded regions.
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While shown to work for the Al-Cu system, the thermo-mechanical process developed
in this dissertation should be applicable to other alloy systems. The generalized control
over alloy development is achieved via the three parameters of the heat treatment
process: temperature, pressure, and time. The applied pressure is used to select which
diffusive species within the alloy will be controlled; with higher loads facilitating
greater overall control and with compressive loads assisting the movement of particles
with negative transformation strains (i.e. those particles smaller than the lattice). The
temperature is used to select which phase transformation or concentration state is
assisted via the applied pressures; with hotter transformations having faster diffusion
rates but lower nucleation rates. Finally, the processing time is used to balance the
effects of the other two parameters; with longer anneals allowing for cooler and slower
temperature profiles and vice-versa.
As a prototype bench-top apparatus, the experimental setup is designed to be simple and
accommodating of change. This does allow for rapid implementation of new
components, devices, and testing procedures within the process as a whole. However
the lack of true systematic control over the experiment, particularly in dealing with the
alignment between samples and loading devices, is a great hindrance. The lack of
control often makes decoupling the experimental parameters impossible. This is
especially worrisome given the low throughput of the system. To make the stress
directed diffusion process a common metallurgical treatment, redesigning the physical
components of the system should be a high priority. The setup needs both a way to
process more samples during a single heat treatment and some method of measuring the
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actual applied loads on the samples. Moving to a larger salt furnace and loading the
samples via a piston device (rather than dead weights) is one possible solution.
Along with the sample alignment, the formation of the salt particles is the other main
experimental issue that causes the stress directed precipitation process to fail. The
current setup of altering the salt’s electrochemistry during each anneal solves this issue
but also places the sample into a complicated environment. The biasing current adds
another parameter to the system and decoupling it from the results, again because of the
low throughput of the system, is often impossible. The severity of the salt issue could be
reduced by moving to a different family of salt mixture or working at lower
temperatures. Aside from an increased throughput from salt-free samples, having an
experimental setup that does not attack or alter the loading devices would allow for
repeated use of the devices. This in turn would facilitate more accurate studies into the
true effect and control of the applied pressures.
Regardless of any faults with the experimental setup, in the end the stress assisted
control over diffusion has been shown to be a viable processing method. The Al-Cu
system is complex, with the theta precipitation generating ever changing properties
within the sample. This lack of experimental control, and the limited sophistication of
the apparatus, does limit the quantitative results of this dissertation. However the
qualitative results are quite impressive and warrant further study into the control of
alloy precipitation through external pressures.
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Appendix A – Elastic Strain Energy
Figure 3.2.1 is presented again below to reminder the reader of the physical setup. A
symmetric flat punch of width 2a, centered at the origin O, is indented into an elastic
half space. The task is to find the elastic strain energy generated within the substrate by
the punch as a uniform pressure P is applied.
z
x

Figure 3.2.1: Geometry of a flat punch deforming an elastic half space

If the system is not accelerating then the stress components, σi andτij, must satisfy the
equilibrium equations:
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If the indenter is long compared to its width then the condition of plane strains may be
used. With this assumption and using Hooke’s law, the stresses may be related to the
strains:
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Flamant [23] has solved the problem of a concentrated force P applied at the origin:
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By allowing for the total load P to be a distributed force applied between -a≤ x ≤ a,
equations [A19]-[A11] can be integrated to find the solution for a flat punch:
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The elastic strain energy can be calculated from the stresses:
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Plugging in the respective values into equation [A15] and assuming a Poisson’s ratio of
1/3 gives:
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